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ra(lar  llligllt ]Iot sIlrvivc tllc G- forc(,s of altl]os])llcric

IV)lly and la)]di]lg. 111 tllr CilSC  of’ A!lars, cottl]]lliill~,
])c)\\,er i s  allotl~cr il)~])orial)t  co)lsi(lcl:itic)ll. liil(lidtic)ll
II:ir(lcllitlg tlll(lfligllt  c(l(ific~\{ic )llfc)ril lst:lllc[,ll; lv(r(-
SI, I’JC1,  A Illc Aq:i].s IJalllflrl(](,  l. l’c)\, (,l to ;111 s08L-lrl ass
(;l’LJ.  ‘J’llis il]l]);lclslllc  ])loc(ssitlp,  J)()\V(r  al:iilal)l[for
:,llt:lsksi llclll(lillp,~ ’isic)ll. III tlliscc)lll (’xl, st(lcc)\isic)ll
a])j Iroacl Ies arc 100 costly k) I)rovi(lc  saf(s )a])i(l  r o v e r
liiotiol~. SOIIIC s])(,cific colwtrtlitlts  aII(l g o s h  for tllc

l(a7ard SCIWOI sys(cI II i]lcl~~dm

●  SCIICXII1l(!:  Nlars cx])lordtioll cf[t)ik  !vill lik(~ly ac-
cclcrat(~ 111 tllo IIcx[ r(nv  ycal’s. Sllcllflip,lll scl I(d(Ilc
]) ICSSIIICS  II] IdcrscoJv 111(1 illl])ortallc( ol~lsi]lp, cx-

t:[llt tcclltlc)]ogics 10 llIC Iorgcsl, cx(mit, ])ossil)lc  ill
K)VCSI  (1(’si~tl.

● I“ligll t-(}(l:llifi  ill)l(!c.  olll])oli(:l)ts:” ‘1’llis is alu:dys
a  r(>q(liw]tl(~t[l  for ])la]l(,taly rovers, lIIIt (lcvc,lc)]I-
]IIct Il scl I(Yllll(! cotlsiraillls  (Iictalc  111(’ Ilsc of (I/-
7((/(/?/ qll:llifi(d col II])o II(t Ils aII(l IIl:ll(ii:lls  to tllr
IJlztxil[llll[lcxt(lli  ])c)ssil)lc.

●  h~wss: All SCl)SO1’  systr’]l)s  SIIOII1(I }1(~ ]()\V-Illil SS k )

])rovi(lc for Ialgcr  sci(l~c( ])ayloads all(l tllr ])oi(’ll-
tiill of Salll])lc  Ictllrll  IIlissiolls.

●  l’ow(:r:  n~c)st  KIWI  (1( ’signs  Iltilizc solar or tmt ICIY
])mvcr f’(w  a l ]  011-1)0:11(1 systcIIJs, TYlissiotl  SIIC(CSS
a]Id (Ill ratio]]  (le])c]I(l 11(’a\ily o] I J)(JIv(’r  CO II.SII  III])-
tim),

●  I14c!dl:lllic:ll silll])licity: l{(>lial)ilily  ill s])acc  1(,-
qllires ]Ilc’cll:l ]lic:llly si]lll)l(’ syslc]l]s willl f’cw 01 II(J
]Ilovillg ])arls,

●  (;c)]t)])llt:(tio]):ll  si]ll  I)li(:it. y: lt(dIIc(  itlla~,(~])rc)
c(.ssiltg  d(sIIIa II(ls  10 a ]Ilillilltl]]ll.
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1 1 .  IIACKGROLJNI) AN]) I{ M, ATJI;I) \VoHK

‘J’l Ic scllsor is a  (Icrivalivc of’il Ic lIa7, aI(l (I(,t(ctioll  sys-
ioIIsclIcdlllc(l io fly al)oar(] tl]chf? lrsl’ilillfi tl(lcrrc)v(,r.

l’iItlIfiIIdcr IIS(S a  las(u slIi])(s--l):Is((l str(Icl III(Yl light

,Sy,St(>lll,  ]l’iV(~ lil,S(>l’S ])]c)j(clsl,lil)(sc)lltc) 111(1 lcrraill  illl-
a~j((l I)y tllc rov(r>s  ca],,cras. ‘1’wo ill~agcs  arc t ak(,II for
car]]  lI;IZ?II(I  Sm]l: 0]1(: wit]l 111(’ 1;1s0s turtlc(l  Ofl’ alI(l
OIIC  willI {I ICIII  mI.  ‘J’l]c  diffkrc])cc I) CIWCCII lIIC iwo iltl-

;Ip,cs 1(’vc’als llIC stri])cs 011 iJIc terra ill. ‘J’llc  lil SC$l’S  alI(l

C’tl)ll(31ilS  a]c, arrallgc(l so lllat tile IIciglll  [If lllc tr]raill
r(lativ[:  to tlIC rov(TI  CaII lW dc{cl}llil}cd  Ilsi))g silll]]lc
g(,oiIIclIy  oIIcc lIIC slri])(:s  arc (Iel(ctd.

‘J’IIc l’atlllill(lcr  systc]ll  i s  r(dial)lc aII(l accllratc
11 i s  a]so fast, colll])dr(xl  10 st(rcc) vision ii])] )l[)dc’11(’s

si])cc tll( cc) II II) IItiItic)II:Il rc(IIIireIIIeIIls  arc sip; llificallt]y
low(r.  'J`l)(r(is,l)  c)\\Jc'vcr,c)l l(iltl])c)] tilllt:l\r (,llli(,fc]]itll-
l) IoVCIII(II1,.  ll)){ip,(:  (lifli.r(llcill  p;istilllcc  ()]\s\ll})il}~,s  il)c(.
illlil~,(,  ac(]l]isitio]l  011 a 808 b-l)asd sysl(’111 is slow, If’
illlag,(’ (Iifiirc]lci]]g  collld I)c clitllillaic(l  f’rolll 111(’ llaz-
aI(l (l(lcclio]l  algorilll]ll, ii’s s])c(x1  wOIII(l  I)(, gl(:at]y
il))])rovc~l,

‘1’IIC rc(luirc.l~lc]}t for il)]a~;e (1 i {lcI-
cllcillp; 0 1 1  l’at)JIfi IId Cr is I)rilllari]y dllc 10 its o])tical
(l(si~,l]. ‘J’l Icrc  issillll)lyllot CIIOIIgl  I ]) OIVCI availal)]cto
IIlilli(, tll(> slri])cs I)rig,llt cl Iollg;ll f’ol rclial)l(  (l(tcclio]l ill

sll))ligl]t, ]vit,llc)llt (lill’cr(licillg. ‘J’IIc 11(’L!’  d])]  JI’oar’]1  :1]S()

II S(,S las(~t,  illlllllilt+lt,ic)ll, I)llt, (Iisrrctc s])c)ls arc l) IcIj(sci(,  (l
I“iltll(’1’  111:111 a  colltili(lolls lillc, Al al] ill(lividual ])ixcl,
Illis cal I ofl”(.r  sc, \J(]al 11111 Idr(s(l tilll(x tll( l)ri~,l]tlicss.

‘J’llis t)riicl(c ovcrs(l[, sig; tl {) ftll(sy st(ltl, i]]l(l co])si(l.

Fig 2. ‘1’11(’ lklckylll l(II,C1. “1’l~is flol~t view of (lIC

101>01  S}, (,WS I,(NV 11, c l?IW1 SJ){)(S  ;,1<,  allallg> <da< >, “J)ll  s),-

1,100111”  a},cad  of it.

cra{io]ls  for c]loiccs II Ia(lc ill s(hlcctiol)  of’ o]jlica]  (0111  -
]K)llmlts.

1 1 1 .  AI)I>ROAC;II

‘J’IIc  lI(wI SySlJC]II  lIas l)ce]I illl(g,rat(xl  i]llo t}~o rov(’rs:
tlIc l,igllt\fcigllt  Sllr\’iv:tlJlc ]tovm (1, S1{-1) aII(l l{ocky
111 (1’igilrcs 1 aIId 2 ) . IIotll rol~ots lltilizc  a six-
wlwc]e(l  rocker-l )c)gcy sus]wl)sioll  like that, 01’ llIc il!acs
IJal]lfilldcr rover. 1, S1{-1 is qui])]xxl  witl) o))c of tlIc
8085 -l)ascd cc)llll~utcu-s  dcwclol)c(l for l’atllfill(lcr;  wllilc
]{ocky  111 IIWS a 48&l] asc(l c.olll])lltcr.

‘I’ltcrc)\’ers:i  rcc(jlli]~J)(:(  l\\’iill  t\vcJl:iscr/c211  [lcr:i]):lils
for lIazar(l  (l(icctioll,  l’;ac}I laser/calllela ]Iail. o])(:ciItcs
a s  aII illdclwil(]cllt, IIazar(l  scllsor. l“or Iiow,  co)lsi(]cr
OIIr of tlI(I ])airs l~y itself, l~irst, laser  l ight  is  sl)lit
illlo 15 co-I~lallar I)c:ll[ls  wit]] tllc (’cvltlal 11(’illll  ail[l(!(l
a l  tllc groull(l ill frolil of 1}1(’ rovcl (50cl II altca(l f o r
1 ,  S 1 { - 1 ) .  ‘J’11(  rest of I}lc lJCaIIIS fall OIJ1 10 lIIC 1([[
fil Id right. 011 flat, terrain, tlIc lwalIis f’orl  II a straight
liileofs])ols. lfall ol)struc.lioll is ])rcsmlt,  tlI(y follow
i t s  cmltc~ur illslead  (1’’igllw 3 ) .  ‘I’l Ic caIIIer21  is of[d
ll(~rizolltally  fro]])  tlic las(!r at tl]c saIIIc IIcigllt ill)OV(’

{JIC grolllld. 011-l,oard  softwaw  fiII(ls tllc sl)ots itl tllc

il)la~e wllic]i arc ill tclrll llsc(l t,o (Ictrrlllil)c  coor(lillalm
of tllc t(,rraitl,  11’ro]ll  lIIC ca]llcra)s ])oilll o f  \,i(\\,,  C;ICII

S])ot sllifls loft or riglll  (l(:l~(,fl(lill~ 011 l,]Ic ]Icjp,]lt,  Of’l,ll(}
t(,llaill  tlIc cc)ji(sjjc)l)(lillg IIC;IIII  s(rilics.

Sil~cc iJI(~ (,llcrgy  i s  sJ)lil l)cl\\r(:cll 15 (Iiscr(lr
lJCaIIIS ratl~er tlIaII  across a col~tilillous ])I:IIIc (as ill
l’aillfitl(]cr),  illiltllillaiic)llis  ]IIIICII l)ri~;lll(r a( illdivi(l-



log, 3. 1,:1. (’1 a,l[l Cal,,c,a &co] IIc(]y, 1(. I’(; rxiIIII],l(: i:tlag,e  acqllilc{l 1,.y

11111 ])oillis (I I I  tlI(! groII)I(l, ‘1’llis  ilicrcascd  Si{!llill-t(l-

Il(]is(.  liil,  iO  clit]lillat,cs t,l I(I II(>cd [01 illlap,(~ (lifli~wl)ci]~p;.
?Vl(jrc  (I(iai]s co]lcertii]lg:  111(  sigilal-tc-]loisc  ratio are
c(w(:r(xl ill .Sccl io]i 1 \I.

I I I  t h i s  systcII~ tlIc (lis]jarity is coIIIIJIIt  (xl })ctwuII
\Y]I(>I.(>  :) ]i]s~~ sl)c)l S] IOII1(]  :I1)I)c:II’  if ilIC IOV(.r IVCIC (III
flill glollll(l :11)(1 Wllcl’c’  ii is aclrlally  (Iclect  (d, ‘J’lIc a])-
])ro;IclI is si)l)ilar to ot,llcl slrllclrlrd  ligl)l sjst(ll)s [1],
l;(]uatiolls  for cacl I II(WIII,  nl}(l a II IC)(l CI of tlIc caIII(,I;I’s
(Il)lics  ;II(,  C{) II I] II I{, CCI al 1(, a(l o f  tirll(,  ill a c:llil)~atioJl

]) II;ISC, ‘J’lIesc  ct]llatio]ls arc suflicic]lt for colll])lltil]g
{IJ(’  lC)C.iltiollS of lIIC ]asrr  Sl)ots  011 tile tcrrai]l.

OIIC issll(’ rcfllaills:  lIow C{IIL tlIc IF) Ixallls lw (lif-
f(rcillitll((l’!  11’oIIIIII:IIcIY,  llI(J p;(wIIIclry  of (IIC systcIII
lJro\i(l(s  a  collv(llictll soll)liml. Silicc 111( lms(r atI(l
CtiIII(ItI arc ])osiiio)lc(l iIi t]Ic sal II( IIciglll, (’aclj lIcal II
will ;lli\’ilyS  al)])mr o]) 111(  saltlc scalllill(’, +tss(l)llillg lijb
(~;ir cal II(*ra o])l, ics ‘ . If tllc ]) I: IIIc! of tlIr 1)(101 IIS is till(d
s]i~,lll,ly, (~dc]I ])cal II l$,ill :I])])c:  II C)II  a s(>]J;II:I1,(, SCa II-
Iillc, ‘1’IIc lICaIIIS  IIIay {lICII I)c follll(l  Illlilllll]igllc)ltsly,
I)y scallliilc.  ll’IIIIII(IIIIC,  IC:, 111(,  klK1\\Jl(d/,[ 111:11 Cacll
Il(illll  \vill (Illly CV(:l ;I])l)(ar 011 a sl)mific  scalilillr  II I:IJ’

11(’ :1s((1 to rcxlllcc tlI(’ itllagc ])roc(,ssil)g  II(,ccssa Iy to
lill(l tllcltt.

]\r. OJ’’l’l(~Al, ]) ES1(; N (:[)NSI  I) I;I{A’J’10NS

A .  I.(Is( I It IS?IS  ,YO1OI  IIligl)tnc.  w

‘J’() 1[1(’(’1  ])(’1lO1lll:,ll  (’(’ go:,  sI L  f[)l llilZtil”(l  (I(,l(ctio)l,  111(’
CIIIIIC1:I  systcII) II IIIS1 i]l]agc lawr slm{,s at 21 II(j]lli]ldl
lil)l~,(~  of ().65]11 ill  filll  SIIII.  A key factor  rc:,aldi]lg  s~~c~t.
(I(t(ctdl)ilily  is tllc ratio ofsJ)cjt  l)riglllll(ws to rcflcctd

. .
Sllllllp;llt 111 t}lc IIllagc. ‘J’llis  (Icsigtl SCC1:S to II]axillliw

‘1
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111[, r a t i o  ill two ways: firs[ I)y using a laser WIICHK
w’dvclc]lgt]l  (860]  It II) is ill a rcgio]]  wlIcrc solar ]Jowc]
is low (see l~ig(lre 4); SC.C.011(1, l~y filterillp, tlIe Ixflcctcd
liy;lll 10 a IIiiIrow  lIaII(l  arou  IId tliat  wavclcl)g,tll l,(fc,rc
tllc SCCIIC  is illiag(!(l, A s  11’igllrc  4 illlls{ral(x,  solar ir-
ra(liatim]  a{ tll(’ (listdllcc of Mars fro]t]  tlI(s ,SIIII is 43(X1
(JI Lllatf at ]’;altll.  ‘1’IIC syst(,iI\ uas d(sigll((l  for tll(
I,liglltcr  coll(liliotis  of l’;alllI for collv(lli(lll  t(siillg,  so
ii \vill work cvcII IJCILCI 011 N4:IIx.

IIcfcm illtroducitlg  tllc mlllatiolw gov(,rl]i]lp,  ])cIfor-
lIlal Icc c~f tJIc systcIII,  it is uscfIIl  tc) cmlsid(q  t}l(, ]): It,l I
li~)llt fc)llmvs flolll lIIC SIIII to a  ])ixcl ilk lIIC ml)ot’s

(’ill  ll(’r;i,  UJ)olI  rc’aclli)ig tllc l;artlI  or Mars, colli]llatc(l
slltlliglll, ]msscs tllrol]g)l  1,11(,  all IIosj)l IeIc, wlI(~rc srv-
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(’l’ill f’1(’qlicll(’i($ arc fully cl]” ]):ili  ially al)sorl)cd t)cfol’c

stliliillg t,]l( l,(,lr:kill  (sc(: l’iglllc [j). ‘J’11( l(rr:lirj al~sor))s

SO IIIC II IOIC of tlI(, ]igllt,, (I(])c)l(lillg 011 its all~(do, atId
r(’fl(’cts 1)11(’  r(lll:lill(lcr  ill al] (Iir(:cliolls arross  a liell]i-
s})ll(’l~’  of 27i  S1’,  tiSSllllllll~;  ])lilllill  Sl])’fa(’(.,  ‘J’])(  il,{,[~l)sjty

of Iiglll Illill  1)[)1111(’cs ill Illc dircctiml  o f ’  tllc cal IIcrtI
(]($])CII(]S  OJI l]IC  ZIII~,l(J  at ~v]}ic]) it sl,l(l~]i t,l I(, s(lrfacc

(ilici(l(]]cc)  aIId tlIc aIIp,lc t’roIII  wl)icl) lJIC s,,rf’ac( is
l,(itl~, vicwml (r(flwtaIIcc).  l“itlally, tlIc liglIl i s  gatll-
Cld I)y  (11(’  lCIIS  all(l  fcmlss(d 011 a ])ixd ‘1’l)c  lilr’p;m’ ill(’
(Ii:l]tl(,f(,r  of 111(  l(,IIs, lJI( II IOrC lip,l)l ii cat] g: Iil Icr aII(l
tlIr l))i~,llt(l III( a] I])ar(IIt illlag(.  l,as(I lip,llt J)r(jj(ciul
I)y 111( s(IIsor  fo]lo)vs  a siltlildr  1):1111,  I)ut  atl[los[)ll(lic
;11 f(sllllillioll is II(glip,il)lc  f{~r sllc]I a slIorl 1 ri],.  ]’c)r  t,]lis
(Iiscllssioll lv( collsi(lcr  tlIc ow:rall  irra(liallcc  at, a ])alclI
oft(~rraitl 10 IIC ilIc SUIIJ (Jfsolar  aIId l:ISLI  lip; lll at llIa[
])oilli

AIL (’~ll],irical  l]](iist\l~ of l;isc~  s])[)t to Solil] l)riglit -
lI(xs ill llIC 800-90011111  1):111(1 was (1(,1(’rlllil)c(l  011 l’; arll I
(lsill~; :1 l]])’]’  ’ 2 1 A  ]m\vcI  II I(StIV  aII(l lIIC  &()()-$)()()11111

1,:111(1  ]Jass  filters  Ilsc(l ill ttl(.  Ctll Il(l’il’S  ol)tics, IVJi(l-
(ltl~ slillligl ii lVil S IIlcaslll(’(]  till’ollp,ll 111(! fillers al
ti. OG x 10- ~w/clll~. l,[\S(}  olllf)llt  \l’il’+  )ll(ilStll(>(l  ill

3.$)s  x 10- :’\V. I{(T:III, ll(mT,\Jcl  , 111;11  !11[ lil$(l’ lip,lll
i s  s])]it  itll(j lb IJC:IIIIS. A  S(!j):ll”?ltC 1(s1 f’01111(1  l]I(s

SI)II1lCI tlilllslllifs NM (J 111(1  CIIW; .V III1O lIIC II IUIIIiIIY

l)(il]tl~, Ass~ltllillp, ttltifc)rlll  I)  C; IIIIS,  caclI 011( co]]iail]s

2,01 x 1 0 -  ‘\l’ afkr ])twsillg  tlIlolIyjI  III(  filter s(t, If
L,:ICII  lJea III is cOIICC,IIII:I1(,(I  }vitlli]i (),5CJII ~, 111(,  ])ow(jr is
4,02 x 10’” 4W/cl112 wllicll rmlllts  ill a ratio of 510 ] for
l:is(’1 sI)O1 to solar illtmlsily,  Sillc( tlIc lI(aIII  lids I)CCII
f(~clls(d to l(ws tllall  ().5cl112  al .fi5111 if is I(asoIIal)]c  lo

exl)cc(,  lllis  ratio  i s  ac]]icvcd,

IJ. (:u III  c.ru  Opiics

Assullli)lg IRS(,I  light illcidc)lt  OII t]Ic telraill is al)lJIOX-
illlalcly  5 i)ill~rs as I)ligllt M slltlliglll ill l,]Ic ]):ISS l)aII(l,
calilcra  (Icsig]l  CaTI I)roccc(] wil]l llIc goal o f  (!xl)mitl~
])ixcls  lC) 20(Yc of Lllcir ca])acil,y for IIoltlirla] iltla~m of
tclr;iill. ‘J’llis cxI)osurc  will ]Irovi(lc  tlIc grcl~tvst  (ly -
IIaltlic. raIIgc ill tltc illla~,c <il Id fdciliialc  (Iiflilcllli:itillg,
(lIr Iasu s]Iois  frolii otllcr  i)iidg( fraturcs,

our analysis  illc.l(l(lcs lIIC followil}g  facto]+ aIId as
sll]llj)tiolls:

Solar illllltlill:ttioll willl :i slIcclrll]tl  as (lcJ, ict(d
ill l’>igurc  5.

AIIglc of i]lc.idc]lcc: assuIIIcd  to I)c IIOIII~al,  to
],mvide lIIC l)rigllt(wt illllllli]l?l(io]l,

AI Igl(!  c~f]{:flc:cttt]lc{:: il.SStl 111(, (l  to 1)(} IIol’lllil ],to
])rovi(lc  III( I)rigl)icst i]iiap, c.

IJ:illll)cn.tiall  l.(:fI[>ct:ll~(..(:: (11( Sill’fil((+ ]([1((1S
light utliforlllly  ill all (Iir(cliolls,

All)(xlo: /,, 111(> sllrfacc all)c(lc)l i s  (),:i at iI]l

frcqu(llcics,  IJi!iitlg orl)itcr  IIlcflslllcltl(tlts  SIIOJV
hfars  surfaw  tillwdo k) vary f’roIII  ().1() to ().3(i [2].

O])t,icd  filt(,rs: to a(ltllil  a 10olIt II })alI(l of lig,lll
cclllcrc(l at, 850JIIII.  ‘J’lic tr:irlsIllitt?illcc  oft Ilc fillcl
is HSSIIIII  (.(1 to IJC utlifor]ll across tll(, ~Iaw Ililll(l.

A] I(ULUIW: tllc (Iiall]ctcr o f  tl](  caltlcr:i I(SIIS’
O])c’llll  lg.

1“()(!:11  l(!llgLll of 111(’ 1(11s,

(Jtlalltlllll (: f[ic.icllcy  of 111(, (;(;1) illlilp, ill~ (lc-
Vice.

S ize  of Ijixc]s ill lIIC (;(;1) itlla~,itlg dcvic(.

Wd] d(:])tl)  of ]~ixcls ill lIIC CC]) i]llap,itl~, (Icvicc.

EX1)OSIII.C!  t,iltlc: ().ls(,c  ‘J’IIc  slIort(sl  r(li:(l)lc
Cx]mslirc  for tllc cal IIcra ll:il’(l~vill’(~  is (),  ()]scc,  lls-

illg  (). lsec ]~rovidcs  rOOIII  for a(ljllst II IeIIt lat(,r.

Lf’c do lIot colisidcr:

● I“OCU s

● I)iffractiol] (: flk!c, ts

●  l’llas(! a)lgl(!

‘1’IIC alla]ysis  w i l l  l]roccml fro)ll (2clI “(:]I(I”  o f  t]I(

])rol,lclll, l“irst , t,llc I,OJVCI  IIccessary  10 CXJ)OS(  OIIC itl)-

ag(: I)ix(’1  k )  20(Z)  ca])acity  i s  collsi(lcrcd, N’cxi,  filter
:111(1  lcl Is co]lijmllrllts  10 II ICC(, lliat  rcquirclll(,lli arc ,sc -
1(’(ic(l,



illtclisily  = ().2.  OllIcr  ]JalalII(:l(rs  ;II( e a s i l y  coil I-

l)lltal)lc,  dic.taic(l l,y lIar(l}viIN co)lsirdiilts, or arc avail-
U 05)

11. 0(<

0,07

0,06h k

\
[1. [0$

U.u,II\ “-.
0. [0>

u
./[l(l 7!, U 8 [1 [1 R!, u 9UU

..,”.l,,  ,$,! t, (r,rrl)

l’ig,. G. QtlalItul  II Cllicicllcy of Il,c  KA1-[137(INI  CTC~l ).

(~. 1’7?’(’/ ):? ’])[)s?17’(

I I I  this  w,ct io]l IIIC c] Icrg;y ]cquirc(]  10 CXI,CMC OIIC l,ix(l

k Y()(XI d its ca])acily is calculatd, ‘1’IIc cc)tll])llt:itic,ll
is lJ;Isrd olI lII:IIIllf:Lctllrcl’s  sllccificatiolis  for tlIv Kodak
KA1-0370N1°  (K;]),  IJII(  tlIc a])])IoaclI  is al~l)rol)riatc  for
0111(,1  i]llap,i]lg; (Icviws as )v(~ll.

A (~(~1) i]llagcr is a 2-(lilii[]lsic))];ll  :IIr:Iy of
i)l(li\’i(l  lliilly-?i(l  (lrc:sszll)l(:  clcl IIcl Its (])ixcls) wlIose ollt -
l,llt,s IIIay I,c collll)illcd  ICI fOrIII ;lII il,,ap,c, IIII],c)r-
1~1111  factors  ill (;(;1) ],ixfl ])cIforj IIalIcc arc siz[!, wf,ll
CIc]jt,ll,  qll:tlltllll) c! flicic!llcy,  alId f i l l  fact,(n.. ,Siw
r(,fcrs  10 011-C  CIIIC]  slmci]lg  l)dw(wII  ])ixcls, ,Sl)ncilig i s
1110s(  Ork?ll  r’ec(allgtllal’, 1)1)1 IIOt strictly s(luarc, 1 II-
cid(,lll ]I I I O1 O I I  cII(Ygy a t  a J)ixt,l is II Icas\IIcd  as tlIv
C]IZIIg(, 011 a ca])acitor, \vit, ]l wc]l dc])tlI  l)(>itlg tllc f’lllly
sill II I+ IIU1  c] Iargc (ill (II CCIIWIIS),  QII:III1(IIII  (flicic}i(y is

III( ralc al wllic]l  tlIc (I(vicc  coIIvcrls  IJIIO1(JIIS 10 (lcc-

trolIs  at, t,l Iv ca])acitor, IJigllrc (i sliolvs lIOJv (j IIaIIIIIIJI

(I[lici(, tlcy var ies  wi(,l~ w’avc~lc  IIgtlI il} llJC ]ep,io]]  of i,l Ic
S})(CIIIIIII  aIOIIIId  t,l Ic ]ascr>s  \va\rclcll@ll. l{ ’illally, f i l l
f’;lctor i s  tlIc ]JcrccIIfap,c  of ])ixrl area ;II,lc to gdtlIcI
li~)ll. ‘1’IIc l(A1-0370NI”  sj)ccific.atimw illcor])oratc  f i l l
facior  illlo tlIc qIIaIItIIIII  eflic.icl)cy clIarl.

‘J’IIc  c(lllatio]l govcrllillg illtcx~sity  wgiskmd at, a
l)ix(l is:

c]>, x {:~l~(~slllc.t,ittl(: X (lllill 1111111  .f, fli Ci(~ll C~
illlcllsiiy  =. -

1’:,, x W(ll-(l(’]) ill

IIllvllsity lcfrrs  to tlIc I(VCI of (X])  OSIIIC i’rol[l  0.()
to 1 ,() (rlllly Satur’atcd), q)i i s  tli(. ]] Cl\vCl il~cidclil
olI olIc ])ixcl, 1’)[,  i s  cII[rgy  I)cr 1I1IO1OII,  l’;}, i s  CC) III
]IIItc(l for ]igllt, it] IIIC IIliddl(, o f  tllc f i l l e r  lJalld-
l)iIss lcp,i(]tl (85011 ]11). Sirtcc 20(fl,  CX1)(JSIIIC  i s  (]csirc(],

alllc  frolli  tllc lll:llillr.tctl)lcl’s  S],ccificiltic)lt  sllm:l ltor
this  systcIII:

l’ixd Sin!  158 /11112
I’;xl)osllrc q’ill]c 0.1 [1 scr’

Qllnlituln F,flic.iollcy 0.03 (at 85011111)

w{!]]  ]k!I)th 60,000 dcctrolm
l’llotoll l:ll{!rgy 2.34 x 1[)-’9 1 (ilt 85[111111)

Now, solvi]lp; lqllatio~l  1 for ]) OWCI) aIId slllxiiill(il,g
ill tlIc kIIOWII  qll:il)titics:

il~tm)sity  x l’;[, x }vcll. (lc])ilt
(])1 : -

(]llal~tllI1 l.{’flit.icllcy X cx])c)sl~rc,.lilil(

().2() x 2.34 x ]()-  “’~/  ])hOtOll  X (io,  ()()()  C] N’(K)lIS

(). ():3cl(’ct’1c)l  ls/])llclt 01! x 0.1 OS(’C

: 9.35 x 10-7//  lV

9,35 x ]()-7// \~~, is  t,]Ic  ]~(nvcr  o f  lip,lll  al 85011111 1’(’-

(Iliirc(l  to (xl)osr olI(I ])ix(,l  20(XI  ill ( ) . 1  SLSCOII(l  S.

1).  1<[1/s  [/1/(1  Ftl[(f  ’ 1 ’ ( / 1 0 1 / / (  1(?’s

‘1’llis  scctiolj considers lrl Is alIcl filler c(,ltll,o]letlts  tlIat,

will drliwr 9,35 x 10- 7// W 10 cac]i  ])ixcl for ;III itllagc
of ]loJllitlal terra  ill, Si]lcc oIIly 111(: lIIC ligli( irlci(l(lll
CIIi a siI~glc l)ixcl is  of il)tcres(,, ii, is  tISSIIIIIml  for IIO\V

illilt  tlIc  sllrfac(, l)eillg il[lagcd is a slIIall ],: JlclI c,fjllsi
tlICS right size llIaf  its focused illliige exactly  COV(I.S  OIIC
J,ixc]. ‘J’]Ic  rcslllt  g(llcralizcw  across tlIc clltirc  itl)agc,
‘I’l Ic j)owcr of lig)ll  at a ])ixel is gikrell l,y:

@, 1 LI 1, cos (7C As’J’f

\vllcl’c

w  = 7 1 ( 1  2/4r2 is IIIc!  soli(l  aIIglc SIIIJ1(,II(I(XI  ljy lIIC

lclis,  21S viewed fro]]}  Illc surface ],alclI [srJ. (1 is
ilIc (Iia)llcirr  of  tlIc l(71s [III] alId r is Illc (Iisl:lllcc

flmll tll(’ IClls  k] tllc S(llfac(’  ])atcl,  [1,,].

1, is tllc ra(liallcc of tllu sIIIfac( [\!r 11 1
-2  SC

- ‘ ] .

cm+ Oe AS is tlIc fc)]c-sllc)l{ol((l  ar(iI (JI [II(, SIIII’;  ICC

])atclt [1112],  JVIICIC Oe i s  tl)c cllliitallcc aIIglc 1)(-

lwcrlI tlI( slllfac(: l)alclI ;III(I  111(  l(c(,i~f(r  Ii]l( of

sight,

‘J’f is llIC tr~l]isltlitl:lllct  of Illc filler.

lbr lIow,  tlIc ICIIS ])ararllctcrs  arc fixvd alId aII a]b
J]roj,ri;llc fi]t,cr lrallslllittallcc (’J’f) i s  cc)lll])lllc(l. ‘1’0



]) IOCCC(I,  As, arm of sur~acc lJatclI, d, (lIC dia]l]ctcr  d
tllc 1(’1)s, 1, tile r’a]lgc to tllc Sl)r’filce  ])at(’11,  IJ, ra(liallc(’
of 111(: Surface,  alId (JC, <I]Id  tlIc clliiti~llicc~ aIIglc  II IIISt

1)( follll (l.

‘1’11(’ 1(:11s IIas  a focal l(!llglll  of 8111111 a n d  a l l  f-llllllll)rr’
of 4, f-I II II II IJCr is ddiIIcd as -f@+@’1  , so (1 :- 2.0 x
1[)-:’111, ‘1’lIc cali]crd i s  ().6LT]1 frolll tllc sIllfacc a]Id
ii i s  assll  II I(:(l flc : 0. Wit]l  t]lcsc jIa121111clcIs,  u i s

(’(1111 }111((’(1  ilS:

&J :- nd2/4r2

7r(2. () x lo-3111 )~/4(o.6[)111)~

4.83X  10-(;sl

A, z
Air2

p ~[)s@c

158//2 (0,(j51ti)2
-  (8111111)~  Cc)so

0.0104 CI112

/)1’;
l,=-

7[

WIIcrc  1; i s  tllc sllrface irradiallcc  \’1’/II12,  aIId  p =

( ) . 3 ,  i s  tllcsurfacc all)mlo. 1’;  carI I)c ;I])],lc)xittl:llc(l  I)y

i]ls]mti]lg l“igllrc  b. lrradiarlcc  ]Icar  tl]c  c(’IIIc]  o f  tllr
80 W9(K)I1111  l)aIId is  7011  W/C  I11211111,  or 7000j~  lV/cl112

across lIIC Wllolc lmlld. % 1, = (m//  w/clll~  S1.  ‘J’llm’c-

fow, Ille])owcrata  ])ixc] (IIofilim)  is:

0, ,

11;1s(’(1
1 ()- 7/l\f~
tlIc filler

LL~ 1/ Coso( fl.,tt, f(, c(

4.83X  1[)-~s1’668//lt7  /clll~c[)s(())(  ).()l()4clll~

3.36X lo-~/lM”

C)II t h i s , aII(l llI(s r(x]uiwl[l(~[it  i’o I 9.:{[) x

tIl tlIc ])ixcl, tlic (lcsird tl:]tls]l[ill:lflc( fm
!I.:+[,x  1 (1- ~pw

i s  ‘J’f = ;+:+cxl[). ,,,l~r  = 0.028

l{twicwillgtlle  ;/~l;lll~iti8]iill])  totliis])oil]i,: a filler
Syslclll Illat tral]sltlil,s  2.8({)  c) fillc lig;llt Il]]iforltily l)e-
t}vw]l 800” a]i(l 90011]  11, a]Id ()% clscwllcrc ]vil] CSX1)OSC
[)11(~  ])iX(l ~()(~, ill (). ]S(*.C ?Illd \Vj]l  ])1’OVi(lC  /1 [) to ] liltiO

o f  laser to soldr I)rip;lll)lcss  ill tllc illlap,v, ‘1’IIC  1 0 0 I I 1 I I

lJ;Iss.l)aIId  fi]({r  is crcdt,d l,y colill)illillg lwo co lo r ed

jr
k: 1:’”

Y<,  l--

,C, ta,

700 -, ~ o Huo [, : l.! !4 W <, :,,, I!, uo
w.,,,,  ,<,,,  !1, (,,,, )

I“ig. 7. ‘1’i${> fil(rl- ale usccl ill [(,lr,l,i[lz,ti(,ll  to ]cs(li(l
ligl)(  to[t)l NIUt OW(IIIIII  lMII~l.  AI IOIII  4M, oltllcligl,(
ill tlial 11:111{1  is tri~llsllli((c[l.

glass filkrs: o]lcculslig]it l)(lc~\\r800111 rl(IiC;  -N30),fI]](l”
a] IotlIcr cuts light al)ove 90011111” (l{(; -1). ‘J’IIc  c(]llll)i-

}liiti[~ll  of t}lc two Icsillts  ill 4 %  trarlwtlissio)i  l)clwcclI
800al Id” {)0011111  (1’’igilw7)’J11]r  difl”krmlcc lIctJwcII ilIc
dcsiml  2.8(XJ  alId  4(X1 is lIIfidcul~  lIy :~(lj{lstill~;cx]~c)silrc
Iiltiec)ftllc H;]) a]~l)rc]])ri:it~ly.

V. 1{1’:SU1,’I’S

‘J’llc ])ri]tlary goals of this  }vork  wc to l)ro\idc  f’il~t,

rt,li;ll)lc alId  accllratc ill  forltlatioll  al)oIIl  111[~ hrraiii  for

r(w{r  ]Iavigatio]l  l;aclI of tllesc wi l l  Iw cxaIllil]c(l ifl
illr’11,

'J`ll(: c)\'cr:ill ti]llcr c(]l]irc(lf  c)]/lll tlz:lr(lsca]l (lc1)cII(ls

l,rjlilalily  [JIL tjf[lc rcquid  to cx])c)sc :111(I co]lcct  ill]-
a g e s  o f  tllc l~rc)jcclcd laser slIols. Sillcc tlIc syslcIII
Ilsm silllJ)lc logic for sl)ot dclcclioll, illlagc I]rocmsillg
i s  ]Icgligilllc. 0 1 1  IIIC i48(j-c{llli])])cd  rover (Iiocky 111)

cx]j(IsIlrx!  ti]l]c is loo II Is” ]J[,r  caIIIcra,  ac(lllisil,io]l i,akcs
(X)ollls,alld  ?lll?i(l(liti[) ]l{ilI\O]lls; llcr[(lllir((l lotllrl) llIC
121SCIS OII alId 0[[’, fiIId tllc s])ots  aIId co]ll])llt( llazdrd
II(igllts. As/I  Ic:sIIl{,l  ic)ckylll CaII cc,]lll,l(t~i~li:i~,i~r(l
SCa II ill 83(JI IIs. ‘1’llis  is ov{:r 20 tit]jes tlIc rat( for hlars
l’iltllfill(lCl hazard  Stalls. \f’(cstililatctlt c808[J-l]:isc(l
1,S1/ systc]tl will rcqlliw  4 s(scoIIds ]WI sca II. ‘J’llis is
al)ollt, 5 tilllcw a s  f:ist a s  hliirs  l’atl]fitldcr  Ilsillg  tljr
Siilll(!  co])l])lltcr  1111(I  (’:1111 [,1:1 t(’clll}ologics.

A S a r[llc:clf tll~lll~l~,  rc)ck(r-l~c)g,[,}  ty])r rovclstravd
safely at! + O f  a lVll N’1 diallletvr  ]~Cl lIi17J?\l(l  S(’?111,

‘J’11(1 Ii(!w  SCIISO]  ])wvi(lcs  f o r  sl)cc(ls  u])  to 6CIII/SCC

olI aII l,,Sl{-siz(xl  rm,cr \vitll  a 48(i-cl:lss coltll)lllcr,  cIr
1.’25cJII/scc  will] aII 8085. ‘1’liis  i s  b 10 20 liillm  a s

f a s t  a s  cLIIIld I)c ]Ilail]taitlod Ilsitlg tllc old(r  srIIsor
:tl~():~r<l hl:~ls l’aillfi]l(lcr.  l{[,Cli~  1 1 1  C: III II:IV(I s:if~ly
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t<, ,., r, , ...,,.,,”  ki t,,

I(ig,.  S. SalIIIJlc  tcl,ai,,  (Icfo,  a[Icl  a ICC<,I,S(I  uc(iw,  Imsc{ 1  (I1I  sCI15(II  [I<ila  (Iig}I().

ilt ;l.6(’111/S(!C.

‘J’llc  SJ1[’C(I  of lllr Syslclll al’is(s  J’ml[l (II<,  fact  t h a t
siltl])lc  J) C211i-(1(’t($C.ti(  jll  logic  i s  USC(I to fill(l 111(! ]ascr
sj,ots. ‘1’11(,  r(lial,  ility of ll)is a])] Iroacl  I W:IS cvaluat,d
l~y ]Il(vl<llrillg  t,lIc r a t e  of sj)ot d(!twtioli  ill  a s e r i e s  of
!24 lest  illlagcs acqllircd  over :111 ave:~ of sil]}ll];ltc,(l hfa Is
t(claill ill fllll SIIII (ligilrc 8 ) .  II I  tlI( 24 it[lagcs, 3:{{)
Sj)ols  lv(,lc visil)]c, o f ’  lll(W, Wb,  [)] 99X \v(,J’c’ d(,-
1(T ( (xl, 1 I I iw’c)  CAW’S, 01 :11)0111, O,[J(Xl  o f  lIIC t,itll(~,  a

I,ligllt  ]IatclI  o f  gIOIIII(l  \},iIs  IIlistak(:ll  for a ]ascr s])o1

‘J’llc  sclIs(J1’s  accuracy  ill  w]m]tillg  tlI(:  c(m](lillat(,s

of c~l>siiicl(~s \\fas cvdl IIat, c(I Ilsi]lg,  t,lic sal IIc Icst iltlage.s.
‘1’111 r(l)(,rt((l II(,ip;lll  f’oI cdclI mcfi \v:Is fOIIIId 10 I)c
\viil]i]l  ICIII Oflllc 1111(  IIeigll(. Accliracy i]) l:itc,ral  a]id
t’or(.-afl  dilt)cllsiolm  wds rvalllatml  (Illalilative]y  by ill-
sl]{ciillg a l(~col)sl,rtlc(ic)ll  of tfI(s  SCCIIC  g(lloatc(l  llsiljg

1 11(. S(11S01 d;lt{l  (1’’ig(lr(  8). l’;V(,J’jr 11~1 Zill(l  \\’&S (l(lCCt C(I.

‘J’11(~ II(J\\,  SySl, eIII ICI II IIIS [)()(x,  IIICJI(, jllf[]]l]]:li,j~]l

al)OIIl 111(,  tmra ill  ill  cacl I lIaz;icd  sc:III tlia)i  tlI(’  Ol(lc’r

(Icsigll  (30 (l~tta ])(]illts  v e r s u s  20). WI I(JI :ICCII]:I(C

cJ(l(JIII(~lry  is  ;ivailallle,  tll(:  llllif(~rJli  alra IIp, (sIIIcIIt d a t a

I,oi]lk ],r(,vi(l[,s  fc)J 3CIII gri(] t,clr/liJl  lII:Il)s, siJIli]21r t,o
lIIC OIIC  illusl,r:it,d  i], I’igurc S. ‘1’lIcsc  ]II:I]M  arc lificly
I(I lIC cx])loilml  it] futllm w o r k  ailllc(l at, IIlorc Cflicir]ll
ll;~\’igatioll. (k)Jlvcrscly,  tflc Lqars l’atllfilldcr  s(’l  Isc~r’s

2[) I)oillts  arc arraltgd ill a llc]ll-\lllifOrJll  4x5 p,rid if~a(
i s  II()[  :IS aJ~Jjro])ri:llc  t’(JI  I)llildirlg; lcrraili  II I;IJW,

llc!lial)i]ity: {){)(~,  of (1(, tcci al)lr S])ots ;11’(:  f’olllld
tlsillg sill)])lc  ]Jc:lk-(l(!t<~ctic)ll  logic.

ACCIIIaCy:  ‘1’IIc  syslcIII  II:IS (lo)lc,llstr{itc(l  Ij(ttcr

111:111 ](JII  accltracy  ili (Ictcclilig  c)lmtacl(  IIcigllt.

Fligllt-(]lJ:llifi{!{l  (:olII])OJI{!lIts:”  ‘1’11(  syst(III  is

J)riitlarily I)llilt of alrcddy (Illalifitd COIII],OII(II1,S,
‘J’IIc  O]I]Y :i.~-yet-llll(ll!:,lific(l J):ll(  is (Iifl[iictic,]l

grating  for s])littillg  lascl lig}lt.

]JOW  lI1:ISS:  ‘] ’]1(} SCIISOI  Iv(iig)ls tlJ)J,lOxilllil(c]y  zoo”

~;ra II Is, cxcl(l(lirtg  cdl)liJlg.

I,ow  ]Jowm:  (;ollsulll],tioll  JIeak is 1.1 }Vatt ‘J’l~e
wlIIc  scllsor J)o\vcr I)lldgct ds IM:lrs  l)atllfit(lcr
ljrovidcs IIazard sca)Is at, 5 10 20 tithes  tltc
flC(Jll  C’ll C~, c)fl”iciflp; (,(llliv:llclit itjcr(,:lscs ill s;If’(
(CiiVCISal  SJKd.

No ]Ilovil)g  ))arts.

V ] ] .  AC; I< NCJ\IJI,I;I)CiI:NII; NI

‘Jh(l(l IJitwilj dcvelolJcd tfl( Calll(’ra 11)0(1 (’1 :111(1  3-
diit]m)sioll:ll lillc illtcrscclio Jl soft\var(  IISNI ill lllis
Syst,(’ill; ]1(’  :11S0 J) J’OV1(l(!({  SC\’Cl’?l]  ]lc]Jlfll]  sllp,g(>st  i(]]ls,

llIa IIcl Agllazariarl  J,rc]\i(l((l i(cllliic:ll  assis(t~llcc  CJII
Rocky 111 all(l  1/s1{-1





obviously,  the requiremmt  slmwn in Figure 1 is derived from cxpericncc  with some typical
mcasurcmcnts shown hue. The incrcasc  in peak acceleration with increasing frequency is a
measured fact, and occurs because of the low effective mass generally associated with higher
frequency structural resonances.

2 .1 .1  Fai lure  Modes

l“hc failure, modes produced by shock excitation can be broadly grouped into foqr categories. First
am those faih.rrcs  associated with high stresses, such as buckling of long and slender structures,
plastic deformation of structures or fracture in brittle components. Next arc failures due to high
acccle.ration  levels, which can cause relays to chatter, potcntiomctcrs  to slip and bolts to loosen,
‘llird are problems associated with excessive clisplacemcnt,  which include broken solder joints,
cracked PC boards and wave guides, or general problems associated with the impact of one
structural component into another. ‘Me final category consists of tmnsicnt  electrical malfunctions,
which occur only during application of the shock environment. Such malfunctions occur in
capacitors, crystal oscillators and hybrids, the latter of which can temporarily short circuit during a
shock event  due to contact between the dcvicc  package and internal die bond wires,

2.1.2 Supporting Datn

Many studies regarding the effects of pyrotechnic shock have been conducted during the life span
of the aerospace industry, but onc  of the best is perhaps that provided in Reference. 1. COndL]ctcd
by the Acrospacc Corporation under contract to the Air Iiorce Systems Command Space Division,
the study examined and summarized ordnance-re]atcd s}Iock failures over a period spanning some
20 years, dating from the first missile-related pyro shock failures in the early 1960s to about 1982
when the study was concluded. A total of 85 flight failure events arc summarized in the paper,,
reflecting c.vents ranging from relay chatter, broken electrical wires and leads, cracked glass diodes
or fracture of brittle ceramic components and a numbe,x of others.

3 . 0  T r a d e o f f s

Ftiilurc  mode sensitivities and cost tradeoffs for the pyrotechnic shock environment need to be
discussed in the context of a particular test technique, The three principal methods for shock
testing include shaker synthesis, resonant plate testing and actual firing of pyro devices.

In the shaker synthesis technique, the arliclc to be shock tested is mounted to an electrodynamics
vitwation  shaker using  an appropriate fixture. A function generator is connected to the shaker, and
a triangular, square wave, half-sine or similar time-based pulse  is input to the test artic.lc in an
attempt to ge.ncrate. the. desired frequency response spectrum,

Generally, this is a trouble-prone and ineffective exercise because, as stated above, a pyro shock
pulse rarely manifests itself as a simple function, FMhermore,  the shaker synthesis technique
tends to input excessive energy to the structure at low frequencies and insufficient energy at high
frequencies. As a result, hardware subjected to such tests is oftc.n  ovcrtestcd  in the low frequency
regime and undcrtcstcd clseu’here.

In an attempt to improve upon the synthesis method, many environmental test cnginccrs have
attempted to modify the input to the s}]aker using so-called “chirp” techniques. In this case, output
from the function generator is passed through a graphic c.qualizer  before being routed to the shaker.
The shaker input spectrum is then “tuned” through an increase in the gain of high frequency
signals, and through an attendant gain reduction at low frequencies. Unfortunately, such efforts
offer marginal improvements a{ best, due to the inherent low-pass filter characteristic.s of a
mechanical shaker.
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In the resonant plate technique, advantage is taken of the fact that a stiff, free-free metal plate can
exhibit very high frequency resonances. The article to be tested is mounted to an aluminum or steel
plate, and the ~Jate ii subsequently suspended in mici-air. A mctn] pendu]um  is then swlmg into
contac[ with the plate, inducing transient vibration. If the frequency response of the mounted test
article is measured with an accelerometer, a plot such as that illustrated in Figure  4 can result,
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Figure  4 - Response Spccirum  in Resonant I’lafc Test

Although this technique can clearly produce a response. exhibiting the desired trend of increasing
accc]crat  ion with increasing frequency, it iS Sli]] ]CSS  than ideal. ‘hming of the response spcctruIJl
such that the correct accelerations occur at the desired frequencies is very clifficu]t, involving
modification of the plate thickness, shape or suspension method, modification of similar hammer
characteristics, or modification of the hammer swing angle as illustrated in Figure 4. These
activities are time consuming and generally based on trial and error, and may never produce the
correct response spectrum.

3’lw. best pyrotechnic shock test method, then, is onc which utilizes pyrotechnic dcviccs. Due to
safety, facility and related requirements, this can be an expensive proposition. However,
considering the time which might otherwise be wasted during the construct of a simulation, and
considering the potential for over-design or undcrdesign  of hardware which COUICI  occur if the
simulation is inaccurate, the pyro method may in fact be a bargain. It should be utilizccl  if at all
possib]c.

Armed with our vast knowledge of the primary shock testing methods, we can now present
appropriate test control parameters, the sensitivity of failure, modes to changes in these parameters,
and cost tradeoffs associated with each, Figure 5 provjdcs a summary matrix of this information.
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3. Radiation ])&Jl IVlarpin Rmuiremmt

1.0 Objectives

onc of the clcsign  drivers of spacecraft is the recluircmcnt to survive in the radiation cnvironmcnl
expected to be encountercci  throughout the mission. l;light  assemblies shall be cicsigneci  to
withstand ioniz,at  ion effects and displacement damage resulting from the flight radiation
cmvircmmcmt  wit}] the required radiation design margin (RDM).

The definition of RDM is the ratio of radiation capability of the part or component for a given
application to the expected radiation environment at their respective location during the mission.
“J’hc part]component  radiation capability is defined to be the fluencc  (or dose), flux (or dose rate) of
charged particles or nuclear radiation which will produce enough change (degradation or radiation-
inducec]  int crfcrence) in the part charactcrist  ics to cause the part to operate outside of ils
specification for the particular circuit application.

The RIIM requirement is imposed on assemblies or subsystems to assure reliable operation anti to
n~inimize  risk, especially in mission critical applications. The general usc of an RI IM
acknowledges  the unccr[ainties  in cnvircmmcntal calculations anti part radiation hardness
clctc.rminat  ions.

2.0 ‘J’ypica]  ]{ C!qUi~CnlClltS

Bascci  on flight experiences, it is standarci practice, at J1’1, to require an RDM of 2 for most
applications if oJ~ly the inadvertent shielding of the surrounding spacecraft or instrument enclosure
materials are considered in the radiation/shielding analysis. Ilc)wcvcr it requires an RDM of 3
when local shielding, such as con~poncnt/part  packfigc  or spc)t si~iclding,  is taken into account.

‘1’hc RIIM rcquircmcnt  ciocs not apply to single event effects (S1 i};), such as single event Llpsct
(SliU), single  event latchup  (SE1 .), etc., since SEE is evaluated on a probabilistic basis.

2 .1  Rat ionale

‘1’hc unccllaintics in radiation environment estimates ancl the part or component radiation capability
cictcrminations  lead to RDM values between 3.5 to 11.5 (Ref. 1). IIistorically,  the introduction of
an R] IM of 2 stems from the Voyager Project and was establishcci  based SOIC1 y OJ) not having
sufficient mass allowance. for shielding, An RIJM much greater than 2, perhaps as high as 10,
would have been selected to cover all uncertainties if there haci been sufficient Jnass available (Ref.
1).

An RDM of 3 is imposed when local shielding, such as componcmtlpart  package or spot shielding,
is taken into account. There is an implied  greater risk associated with taking the local shielding into
consideration because this is done in cases where soft parts, rather than inherently hard parts, must
bc used that arc dependent on local shielding and their calculated shielding effectiveness.

2.1.1  l~ai]urc M o d e s

(1) l.ong-Tern] ionization Effects

l’otc!itial problems with the electronics and material arise from the long-term effects of ionizing
radiation. The magnitude of long-term ionization is a function primarily of ionizing  energy
deposition, i.e. the ciose measured in rads in the material in question.
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in scmiccmductor  devices, these arc manifested in charges being trapped in insulating layers  on
the. surfmc  of the semiconductor devices. They arc most irnpo~lant  in M(X structures in which
trapped charges in the gate oxide  layer produce a change in the apparent gate voltage. ‘1’rapped
c.hargcs in surfidce passivat  ion layers are also imporlant  in junction ctcviccs  where they may
produce an inversion layer that spreads out over the effective surface area, thereby increasing the
sccol~~bil~atio~~-gcl~cratior~  currents. l’}~csc  currents arc most impo~lant in bipolar transistors that arc
operated at low collector currents and in n-channel JI:liT clcviccs. The susceptibility to surface
rc.combinat ion depends on the qua]it y of the oxide layer and the app]icct electric field,

in optical materials, long-term ionization effects appear primarily as an increase in optical
absorption. These are usually manifestation of charges trapping at a pre-existing ctcfcct, so the
absorption rate is a strong function of the initia] material propcrlics, 1 ~or example, fused quar(z
ge.ncrally colors less than alkali glasses for a given ionizing dose.

in quartz  crystal used for precision oscillators or filters, long-km ionization effects can produce
significant resonant-frequency shifts. Again there is a strong dependence LIpOI) the type of material
used. Natural quartz shows the largest frequency shift for a given ionizing  dose, synthetic quartz
shows lCSS, anti swept synthetic quartz shows even lCSS. in these cases proper selection of the
cluartz  crystal growth method can minimize the. effect.

‘1’he clcviccs and materials of concern and the most serious radiation inc]uced  effects arc:

(1) MOS devices (threshold voltage shift, enhanced leakage).

(2) Bipolar transistors (hl!, degradation, especially at low IC ; leakage current), and
juncticm  field effects transistors (JJUH’S) (enhanced source-drain leakage current).

(3) Analog microcircuits (offset voltage,  offset current and bias-current changes, gain
dcgradaticm).

(4) I)igital  microcircuits (enhanced transistor leakage, or logic failure due to ionizing
dose induced hll & V1. changes).

(5) Quartz, resonant crystals (frequency shif[s).

(6) Optical materials (increased absorption).

(7) Extcrna] polymeric surfaces (mechanical degradation).

(2) Transient Ionization ICffects (Interference)

lntcrfercncc  is defined as transient ionization effects that persist only while the electronics arc being
irradiated, and whose severity is geneml]  y proportional to the dose rate. lnte.rference effects
depend primarily on the rate of ionization energy dcposi(ion,  i.e., the dose rate measured in rad/s.

q’here arc four types of interference in electronics dcviccs  and optical materials:

(1) Primary photocurrents in low current sensitive input stages to the electronics,

(2) Electron emission from cathodes of electron multiplier-type clctectors.

(3) ionization-induced conductivity in photo-sensitive materials, such as those. in
dcte.ctor  surfaces.
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(4) ]oIliz,ation-illdLlcec]  fluorescence in optical  materials, such as detector windows and
lcJIscs (fluorescence efficiencies vary strongly with the types of material).

(3) Displacement Ilffects

IIisplaccmcnt  of atoms in crystal lattices cause permanent changes to material properties. The
expected proton and c]cctron  flucnces  usual]y  do not represent as severe an environment for
displacement effects as for long-term ionization effects. “]’llcreforc, oI~lytl)el~~ost  sensitivcdcvices
wil 1 bc. affected significant] y by disp]accmcnt  effects.

I lisplacemcnt  effects can affect the following devices and properties in the. electronics:

(I) Bipolar transistors with IOW f-l (11[,, , Vcl, S*I$ Vw SAT).

(2) PN junction diodes (V,, VII).

(3) Light emitting diodes (1.lil~)  (Vl,, V,, , light emitting efficiency).

(4) semiconductor photodetectors (quantum efficiency).

(5) Dcviccs incorporating lateral p-n-p transistors (hf.,,, VC1, s*~, V,,[, s~~).

(6) MOSIWTs (resistance, leakage current).

2+1.2 Supporting Data

q’hc J]’l, PFR database was searched for types of failures and failure II1OC1CS recorded cluring  the
rac]iation  tests and in flight. An abstmct of some of the PI:R data related to radiation effects are
slmwn in Table 1.

II

I —— .
I’able 1. JPL Radiation Effcc(s Problcmfi;ailurc  1 listorv—— .

SK——. —
Voyager

— —  .
Galileo

——..
Galileo

— —  .—
Galilrm

. —  .—

1’J’R #f
41048

52602

41341

44287

Environrncnt
Flight —

l’light —

Tcsl

‘f’csl —

I)cscription
Nrr counts in rate channels of IIET
2 Iclcscr)pc
ObscrvccJ  noise spikes
cbarac[cristic  of radiation induced
events in SS1
The ultra stable oscillator (LJSO)
shifk.d frequency -1.676 }Iz CJLIC !0
a S Krads dose.

Sornc of CDS’s memory RAMs got
worse with radiation

.’ —

I’ailurc M o d e

Probably onc of the 3 hi-polar transistors in
the circai[  failed duc Irr radiation
A Iikcly correlation with hig,h solar activity —

ICvcl

(1) negative frequency shifl is to bc cxpcctcd—
when swcp[  syntbctic quartz. is irradiated

(2) the offset voltage changes in the
l.hl 1081JR of the inner oven control circuit
resulting from radiation
Significant dc.gradation  of the read disturb —

threshold —

9
3.0 Tradeo f f s

C)ftcn an RIIM of 2 is pcrccivcd  by many people as being overly conservative. The selection of anw
RIJM may be somewhat arbitrary and will tend to be clrivcn by mass limitations, acceptable risk
versus co~t, and the total radiation hardness program.

9
9
D

Projects typically have resources and mass limitations which preclude usage of more conservative
RI~Ms.  Based on the “best” radiation model  at the time, the part radiation hardness test data, and
the expected mass and other resource limitations, a radiation design factor of 2 (3 if local shield  is
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considcrcd) is required for spacecraft flight elements. The term used to dcscribc  this radiation
design factor is “radiation design margin”, and this is the source of mos[ c o m m o n
misunderstanding. The problcm  arises from the fact that there arc significant uncertainties in all Ihc
clcmcnts  in the radiation susccptibi]ity  calculations, and the term “radiation design margin” implies
a known factor of safety, which in turn irnplics  a large degree of certainty of survival in the
radiation environment. For this reason RDM which implies a margin is real 1 y a misnomer. It may
be mcjrc appropriate to refer to a radiation design factor and not inadvertently mislead people to
believe a conservative margin exists. An RDM of 2 is not, nor was it ever, intended to imply
10070 margin as it has sometimes been misconstrued to mean. An RIIM of 2 dots not cover the
uncertainties as indicated in Refercncc 1. 1 lowever, in the world of practicality an RDM of 2 was
all that was affordable on Voyager, and it worked on the onc spacecraft that was tested. It is
impor-lant  to reiterate that there arc uncertainties in environmental calculations and part radiation
hardness determinations in the usc of RI JM.

(1) Radiation Hardness Determination

l’here are at least four quantities that can contribute to the uncertainty in the part radiation capability:
the part type, the manufacturing process, the circuit design, and the particular circuit application.
I’here arc many different pall types, many circuit clcsigns and applications and perhaps several
different manufacturing processes, Consequently, the uncertainty in the part capability has to be
sufficiently large to account for the large variations from part to part. Most of these arc clifficult  to
quantify and testing is the on] y method of determining the radiation capability to bc expected in a
given flight lot. Even though the tincerlainty  for any onc specific part may bc quite small, different
radiation test conditions can generate different capability values. For some linear integrated circuit
clcviccs,  the total ionizing dose (TID) capability could drop dramatically if tested with low dose
rate instead of high dose rate. For example, 0P42 was rated a radiation-hard device (> 100 Krads)
in t}~c past but was recently found to bc very soft (- 15 Krads or lower) when tested with low dose
rate which better simulated the flight environment.

As cle.ctronics  parts now have higher capacity and smaller volLmlc  comparecl  to those used on
Voyager and other spacecraft, it is prudent to carefully rc-examine R1lMs  of higher magnitude on
future spacecraft programs or to refine the part radiation hardness determination tcchniquc  if an
RDM of 2 or lower is demanded, The part radiation hardness test is gcncrd]y  a cost driver, This
is primarily duc to the fact that a more accurate tc,st requires more samples, more realistic flight
simulating radiation sources and conditions, and lcmgcr  test time.

The alternative to overcoming the test uncertainties is to perform the worst case analysis (WCA) for
the circuit applications. For example, if a bipolar transistor was rated 50 Krads in term of ht.},,
degradation, but the parameters shift duc to an irradiation of 100 Krads is still acceptable based on
the worst case analysis, this part has the required RDM of 2 if the local environment is 50 Krads.

(2) Radiation Environment Calculation

‘rhc local arnbicnt radiation environment is dcpcndcnt  on the mission design, the environmental
radiation models, the radiation transport code, and the spacecraft mass model. The ca]culatcd
radiation environment might bc the total ionizing does (TID), 20 MeV ec]uivalcnt proton fluence for
displacement damage, or flux for detector interference effects.

The uncertainty in the radiation model depends on the environment in question and the mission
dcsigtl.  Unccrtaintics in the mission design are difficult to quantify. The parameters involved here
inc]udc  the trajectory (heliocentric distance, mission length, altitude, inclination, etc.) and launch
date. The uncertainty in the radiation environment de.pcnds on the environment in question. As an
examp]c, prediction of proton fluences  from solar flares is treated probabilistically  and the
discrepancy bctwccn predictions for the 10 McV flucnce  bctwccn  two different solar flare models
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is a fwtor  of 2 (at the 95% conficiencc km]) (Ref. 1). Similarly, the uncertainties in the Jovia[t
trapped electron environment and the Earth’s trapped radiation proton model AP8 arc also
estimated to bc a factor of 2, The uncertainties resulting from the use of different radialiort
transport codes and different spacecraft mass models arc generally less than a factor of 2 (Ref. 1).

‘?t’ypicall  y, once the mission design is confirmed, the, TID as a function of shielding thickness
(dose-depth data) arc generated for a simplified geometric mass model, such as the spherical shc]l
model. Iligure.  1 is an example of a flight mission at 1 ALJ from the sun during the solar max
period, It is standard practice to apply the dose,-depth curve at 95% confidence lCVC1 for the flight
assembly (unit) design. This radiation dose curve can be used to obtain conservative “first-look”
shielded dose values  without hardware configuration modeling. These dose plots should only be
used to obtain dose value by using the minimum shield thickness applicable to a given hardware
location. Since these plots  do not represent flight hardware configurations, they should be used
for clcsign  assessment only if they arc applied in a conservative manner (minimum shield thickness
used). If the concerned part does not nvwt the RDM of 2 requirement based on this conservative
TII J lCVCI,  a three dimensional mass model simulating the flight assembly (unit) is then constructed
for the radiation transport code. The resulting TJII level will be lower than the TID data from the
spherical shell model and therefore the concerned part is more likely to meet the RDM requirement.
IIowcvcr,  when the paticomponent  package has to be included in the 31> mass model or a spot
shield has to be added, the RDM is increased from 2 to 3 as explained earlier. The more extensive
radiation/shielding calculations tend to be a cost driver, but it relieves the shielding requirement and
therefore saves more mass.

Radiation/shielding analysis is relatively cheap compared to spot shielding design/in~plcnlcntation
or par[ radiation hardness tests. It takes several days to analyze ‘l’] D with a simplified mass model,
sLIch as a box, or several weeks to gcncratc  more accurate TJ1 I results with a more realistic mass
moclcl  to simulate the flight assembly (unit). “1’hc resulting  lower TJD level reduces the
unnecessary shielding mass-and relieves-the part hardness test ri~idity
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I;ailurc  Indc sensitivities and cost
illustrated in Table 2.

.,

tradeoffs for the radiation design margin (RDM) requirement are

.—
Table 2. Contr  d Parameter Sensitivity and COSI

F a i l u r e  MOdCS I Scnsilivi[y toRcquirmmrt

——
Radiation I)csign
Margin
(RDM == lVD)——— .

(ontrol Pararncter

Radiation
Capability (P)

‘ation
Environment (D)

4 . 0  Rcfercmees

I lncrcase Failures
P D

I.ong-l’erm
loni7a[ion Effects - I 4

1. JPI. IOM 5217-88-39, “Radiation Design
22, 1988.

Margins”,
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4. Minimum (hcrating ‘1’ime Rcguircmcnt

1 . 0  Objcctives

The objectives of operating assemb]ics  or subsystems for a minimum period of
CYCICS are to verify their operation in accordance with the design requirements

time or number of
and to ensure that

tkc manufacturing-worknl~nship  or integration processes have not compromised their reliability. It
also verifies the appropriateness of the design for the mission, based on the anticipated failure
modes.

2.0 ‘1’ypical Requirements

operational hours (for electronics) or the number of mechanical cycles (for periodic or continuous
cycling mechanical units) should be sufficient to demonstrate operation despite of design,
workmanship or integration problems.

Minimum operating time requirements, as specified in JPI.-D-8966, for different spacecraft classes
are:

1,000 hours for Class A spacecraft
500 hours for Class B spacecraft
200 hours for Classes C and D spacecraft

Mechanical cycling is 1.5 times the mission-required cycles

industry requirements for electronic burn-in vary from 100 to 2,000 hours. In most cases, the
avai lablc spccificat  ions for operational hour/cycle requirements do not provide the rationale or
methodology for their determination.

2.1 Rationale

~’hc operational duration and power cycling of electronics, or the number of cycles of mechanical
cycling devices serve to uncover clcctricalhnechanical  infant mortality or latent defects, thus
assuring spacecraft reliability. They also provide information on integrity, as well as operational or
rcliabilit  y expectancy of the equipment being tested, 1 luring the testing, some or all of the expcctcd
st rcsscs are applied to the equipment. Depending on the Pdilurc  modes expected for the applied
stresses and their duration, failures of weak components or assemblies will appear on a certain time
scale.. As indicated in Reference 1, time dependent Pdilure  mechanisms can be important for a
significant number of hardware elements.

2.1.1 l~ailurc M o d e s

Examples of time-dependent deficiencies and defects arc summarized below:

1. l>csign  deficiencies, such as:

a. Electrical or mechanical component, or mechanical assembly wearout caused by excessive
stresses, poor tolerancing,  or workmanship.

b. Electrical or mechanical over-stress of components causing hard failures.
c. Thermal design deficiency causing component parametric drift and an increase in inherent

failure rate.
d, I.OSS or inadequate lubrication of mechanical cycling devices.

2. Workmanship defects, such as:

21



. .

a. Poor solder joints (also temperature/cycle dependence).
b. IMmagcd  component hermetic encapsulation.
c. Inadequate welding of pyre-activated devices (such as bellows) causing leaks and failure to

actuate.

3. Software problems, such as:

a. Errors that can only bc identified when the codes in question arc Cxccutcd.  This may take a
long period of time.

The JPL Problem Failure Reporting, PFR, database was searched for failure modes found in tests
and the test operational time and/or operational cycle duration. Examples of some of the fiailure
modes arc tabulated below:
—— ]~xar)lt)]cs of ]tai]ll~e Moc]cs

—
. _  — — .  — . . .

——
Ikxign (electrical). —

l:unctional  anomalies
Out of spec operation
Dctcctablc  over-stress
l~lcctronic instabilities
Parameter variation
Sneak circuits
Shorting to ground
open circuits
]naclcquatc  interfaces
CYackcd PCB traces
— —

Design  ( m e c h a n i c a l )  -

Poor solder joints
C)verheating
Material interference (dissimilar

materials)

—. —

Workrnanshir)  –

Poor solder joints
Low or high torque on

fasteners
Cracks in component

cncapsu]ation

Iiach failure mode typically has a different time dependency that recluires individual consideration.
l~or some failure {~bdes, ‘otmational  duratioticyilc  recw~rcmcnts “mav bc statistically estimated
from a knowledge of the ‘de{ailcd mechanisms of spccifi; failure mode;.  For other timk- or cycle-
scnsit ive failure modes, they may be determined through factorial design or estimated from a
database search. For many of the failure modes, the minimum operating time based on this factorial
design has been determined and they can be found in the literature.

2.1.2 Supporting l)ata and Recommendations

‘1’hc JPL PFR database was scarchcd  to determine the types of failures and failure modes recorded
during opcrationa]  time or cycling duration tests. An abstract of some of the PFR data is shown in
Tab]c 1.

The JPI. flight anomalies database was examined to establish their time or cycle dependence. For
the latter, some orbiter S/C data from GSFC were also reviewed, together with the JPL
intcrp]anctary  S/C database. The reason for inc]uding  both orbiters and interplanetary S/C is that
the New Millennium is a series of S/C which will be designed and manufactured more like
commercial orbiters than traditional JPL interplanetary S/C.
failures that arc directly related to the operating time or
indicating an inadequacy of testing.

Il~ta from some orbiters show flight
operational cycle duration, possibly

1
[
I
1
I
I
I
1
I

I
I
I
I

I

1

22



Table 1, Ground Test Anomalies Related to operational Time. ancl/or Cycling for Interplanetary and
orbiter S/C.

F 1’FR # l)cscription Nature of Test Comment

— .—
Viking 30716 I’owcr events meter for TMU-a failed ]’owcr Cyc]ing l’ower monitor drawc~

cyclin~ problcm— .
Voyager 36]44 Scope display not calibrated at scrccn top operating lime I%uncl  d e f e c t i v e  –

oscilloscope— .
Vrryagcr 37221 Chain A #03 signals incorrect frequency S/W Iirror Shown when this –

width cock Cxccu(ed. —
Voyager 40330 Erratic limit  cycling in pm burn mocic S/W } irror Shown when this –

Code executed

Y!Y?EY 40724 Shunt radiator simulator relay cycling Cyclinx
—

X!YQ& 105581 Prop valve leaked aftc.r hot cycling Cycling
Acoustic 40529 I.&R sample handle.r retraction time Operating time or Wcarout,  mechanical –

inmawd cyclin~— .
A’1’MOS 31744 No flight vih isolator hclicc)i] lock— Operating tinlc Wcaroul,  fasteners –

capability—
ATM(X

—.—
51054 1~ detector could not be cooled down to

—
Operating linlc

its normal tenlp.— —
Illn’sex; Z10249 Valve switch drive circuit failure Power Switching

—

— — Or)/off
Chssini 59729 S/W error in hot and cold tcmpcratu= Iixccution  time S/W’ errors should no~

bc depcndcn[  on
— — ternpcraturc
Gali]co 54308 1.CCI air conditioning failed/CI)S-SIl

—
Operating lime

ovcrhcatcd— .
Cii~lilCO 54570 PPI; failed to achieve 1.5 pjm dcwpoint Operating time Ncw filters installed –

Spcc..—. —
(ialilco 41308 S-band command switch sticks in SIC }11 Operating lime S w i t c h  wcarout  –

position— —
Microwave 58099 The antmrna is not forward stepping, opcrat  i ng Wcarout;  Flight  –

1,imb Time/Cycling l:ailurc.  Motor
Sounder— — bcarin~s
NASA 7,10100 ~ollfiguratkm:  dss b, TW’rA #2 selected; Power cycling

—

Scaltcromctcr receive-only mode—— .
l’ionmr 100723 I’rcarnp output low on turn-on, increases Operating time Would not bc found –

as a function of the operating time. without test.
Contamination found— —

SIR-C 56172 Cassette tape loading problem led to
—

I’owcr  cycling
power supply failure. Cycling power
on/off caused the 1’S failure—— .

‘I”iros 1316 Ciunn oscillator SW regulator PWR Operating time
Supply failed ground

15V shor[cd  to the –

. —W}u’c 49460 A latch plate damaged by collar on the Operating time Reworked; Ciallcd  –

shaft surface macbincd,
base cleaned, surface

—! rc-lubcd.

No definitive conclusions could bc made about the appropriate test or cycling duration from the
present JPL ITR Database, as the test time for the failures is not routinely recorded. With
~oopcration  from projects, efforts arc underway to ensure this information is alw-ays entered in the
database.
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The operational t imc into flight can bc obtained from the flight data. But, these data do not assure
knowledge of how long a particular assembly (unit) has been powered on or the number of cycles
accumulated on a particular switch since they do not include ground test information. 110 wcver,
this information can be obtained from ground testing records or from test personnel, Table II
shows examples of flight anomalies related to the operating time or cycling of orbiters and an
interpl  anctary  S/C (Voyager).

Table 11. Exanmles of Flight  Anomalies Related to the operating Time or Cycling of Orbiters and
an lntc;planetary  WC (Voyager).
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COBE mission.
Gam shit occurred m
lunar orbitkci data ok.

&rrl sensor beta an Ie
elecfroni=, changec?
~i~~j~settirrgs

reason.

incorrect  alpha angles
from sun sensor #2.
Eight Isb telemetr

;bits are inverted. he
ninth bit is incorrect.

~-band  HGA dnve
dropped 5 dn analysis
of trend data,
irrdicatin antenna

%drive ha been
decreasing and
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noisy since day 289
(1977). This
confirmed problem in
the S-band SSA in WC
3?.

=witch did not
fully close (make
contact). 1 he
microswitch T LM
suddenly indkated
a “Icnk” condition.

CmiEF&Iuses

Actual cause
unkrmvn. Suspect
degradation of
LM108 in
proce~<ing
electronics of one of
four fme bit
channels.

S@E&.5RXsun
sensor #2 was
wired incorrectly.

P
hat is, harness

rc+n sun sensor #2
to the electronics
box was mis-wired
two wires

K&R%mi7
of ttre bansistor -
MSC 3005.
Detailed defect of
the transistor
remairrcd unknown
- probably wearout
phenomena

~clion Rccomnlcndatio

None possible - Always provide
potentiometer backup device to
telemetry shows microswitch.
deplo~nt to be
10070.

Traced to aging
characteristic of
sensor. Pre-aged
sensors
w/simulated
space
environment.

A AGf-tS W
(f;~ht spare unit]
same manner as
004 (Apoflo 16 fli
unit). Verify GR!
calibration validit
each flight unit
I subseq ucrrt to ag

ta rea out
mnfinues to
degrade with
tinle. Uso alpha
information only
in producing
attludo
information.
Definite attitude
not affected.
~lght

‘1
names Fhght

‘i
namlcs

(code 5 1) (code 5 1) chq
changed their tfleir ground
ground calibrations tofu
calibrations to correct for this e
fully correct for in the spacecraft
this error in the Action to be tab
spacecraft. follow-up: none.

None. None - usedasl
was.
Comments: for
flights the MSC {
should be replac
with transistors
having barrier rr
and go through a
extended bum-ir
Performance w:
normal in tt Ie lo~
power mode on I
amplifiers.

l~ronl this table, it is apparent that some design failures (wearout  is considered as a design failure in
this discussion) durin~ flight could have-been prevented by appropriate testing ‘and design
improvement, Test acceleration may bc a feasible solution to mitigate flight failures occurring late
in flight for long missions.
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. .

2.1.3  Calculation of Tots] Minimum Operating l’ime

“J’hc  minimum operating time is determined based on the Duane graphical reliability growth mociel
(hat has been used in jndustry  for over a decade. The relationship between the initial and final mean
time between failures (MI’BF’s) is given below:

0,, 1—.= —.
% 0 l-a

w hcrt:
61, = achicvcd  final MTBF
00= initial MT13F
L = oPcrationa]  test duration
t;= il~itial  test time (short burn-in time to corrcc[ for workmanship flaws)
cx == growth rate

Illrin~ operational testing, a S/C, is considered a repairable system, thus the reciprocal of its final
MTBl~  is its failure rate at the beginning of flight. Since the initial and final MTBF vary
cxponcntial]y  with the growth rate, small variations in the growth rate result in significant changes
in the achicvcd  final MTB1: or the operational test time duration.

‘1’cst durations, shown in TabJe IJ1, are calculated with the following assumptions:

1.

2.
7. .
4.

5
6:

7.

8,

The subsystems or a combination of them have been functional] y tested prior to S/C
integration,

All test times arc additive.
‘1’hc design and construction of intcrp]anetary  S/C arc similar to I~ar(h orbiters.
The test fidilure correction uses an aggmssivc,  industry-recommended average reliability
growth rate of u = 0.6. For further cost savings, a more aggressive failure investigation and
correction process may bc introduced to achieve a )Iighcr reliabil it y growth rate of cx = 0.65.

‘J’cst fttilurc modes include design, workmanship, and random failures.
Scored test failures arc critical at the subsystem Jevcl ancl onc failure is fatal. All fi~ilures arc
assumed independent. However, in t}}c case of critical, dcpcndcntiinduccd  failures, only the
first, original faiJure is scored,

The failure rate at launch is assumed to be 10 times the desired mission failure rate, as pcr
widely-accepted industry rule for newly-developed or ncw]y-produced  items.

Missjon duration does not have any influence on test duration. The S/C are designed and
constructed as per mission duration requirements,
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Table 111. Opcrational  Tesl Duration, Calculated for Average Reliability Growth Rates of u = 0.6
(currently attainable with existing JPL failure investigation and concurrent engineering
practices) and (x= 0.65 (Recommended for Faster Better Cheaper Missions).

—i
ltcm Failure “1’ypc Calculated Test Ca]cu]atcd  Test

Duration, a = 0.6 Duration, a = 0.65
(hours) (hours)

~ys[cms,  a group of Design 500 350
subsystems, or a single Workmanship (see Note 2) (see Note 2)
s[~, s/c. Random (see Note 1 )
fi~tcgtatcd  system (assumed Workmanship 200 1 7 0  ‘-
intcgrat  ion completed after
subsy,stcm testing.

(see Note 3) (SeC  Note ~)
Design
Worst case 700 520

I’otal ‘1’cst Time (W Note 4) (SCC Note 4) _
Normal 500 350

(SCC Note 5) (SCC Note  6) -—,

Note 1, Reduced random failures assume system improvement (i.e. a better qualit  y or higher rated
component, design improvement, fdt protection, etc.). Replaccmcnt of the failed
component does not guarantee elimination of a future failure of the same component.

Note 2. Test times can be accumulated during various engineering evaluation or environmental
tests.

Note 3. Additional test times at the integrated system level arc needed  to screen for workmanship
or design (compatibility) defects that may be introduced during integration or as a result of
subsystem interaction.

Note 4. This is a case in which all tests are conducted sequentially.
Note 5. Normally, 300 hours at the subsystem level ancl 200 hours at the intc~ralcd  system level,

giving th~ required total of 500 hours.
Note 6. Normally, 180 hours at the subsystem level and 170 hours at the integrated system level,

giving the required total of 350 hours.

The number of test cycles of mechanical devices depends on whether they have previously been
tested. Mcclmnical  devices, in most cases, are also subject to normal wcarout. Therefore, ti]c
number of test cycles depends on the desired missiorl  reliability. If the average number of wearout
dcsirtxl  is 4 (normally the case with mechanical cycling devices), then the number of test cycles
should be 1.7 times the required mission cycles. Ilowever,  for Faster Better Cheaper Missions it is
recommended that 1.5 times the required mission cycles be used, resulting in an increased average
number of wcarout of between 5 and 6.

Software operation cannot be separated easily from the hardware’s and its reliability must also be
taken in consideration, The software should be tested with a test compression factor and its
reliability determine.d with a test duration determined based on the required or desired reliability.

3.0  Tradeo f f s

System c)pcration time is both a cost and schcdulc  driver. Operation time may be reduced to
prolong the useful life of devices that are subject to wcarout,  if cycling time has been accumulated.
At JI’L, the minimum operating time for an integrated system may be reduced if operating tilnes
have been accumulated on individual assemblies, operating times at the assembly (unit) level may
bc sufficient to disclose failure modes, such as poor solder joints, out of spec operation, parameter
variation, materials interference, PCB defects, etc. The. accumulated test times on assemblies under
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various test conditions (environmental or engineering evaluations) can considerably reduce the
minimum operating time required for the integrated S/C system, and still provide reasonable
verification of S/C integrity, robustness, and expected mission reliability.

I~ailure mode sensitivities and cost tradeoffs for the minimum operating time and minimum
operating cycles requirements arc illustrated in Table 1 V. During minimum time operation it is also
important to exercise all potential combinations of operating modes of the hardware at least once to
id&tify  mission critical ~llodcs.

‘l’able IV. Control Parameter Sensitivity and Cost Sensitivity.

X~rc- 1 Control

,
Gjming IXrration
q’imc— .

lilcctrical  “
~ stress (ES)— —
I ‘1’hcrmal

–“*

2==stress (ES)— —
“1’hcrmal
stress (1’S)— .
Mechanical

I stress (MS)— .

==2====

Failure Modes Sensitivity to Incrcascd
Failures

clur m -m MS
Funct. anomaly + i -i o

Out of spcc.  operation + -t -i o

Elect-wear + + -t o

Shor[s T + o +

Poor solder joints + + +
Parameter variation + + +- ;
Open circuits T i + +
Cracks + o + +-
Poor bonding 7 -t + +-
Poor interfaces + + o +
(racked CB traces -t o i +

Braking -t o 0 +

Deformation T o + +

Elect-wear i o -1 +

S}lor[s i + -t +

Poor solder  joints + + i +
Parameter variation T o + o
Open circuits -t + + -t
Cracks + o -1- +
Poor bonding -1 + -t +
Poor interfaces -t -1- -1- +—
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5. Swtcm LCVJ Fault Trr

1.0 Object ives

The System Level Fault Tree (SFT) pictorial y depicts those failure modes that result in mission
failure. In addition, the SF1’ identifies single point failures (SPFS) and depicts mitigating design
features that are in]plemented.  “l’he SIT analyzes and documents the significant high-level system
functional failure modes that arc important to various phases of the mission. The SF1’ provides a
seamless link bet wcen the system level functional failure modes and the failure modes identified in
the subsystem Failure Modes, Effects and Criticality Analyses (P’MECAS).

2.0 Typical Requirernmts

Ilcvclop a spacecraft lCVCI fault tree for each of the mission phases (i.e., launch, cruise, orbit
inscr[ion, tour, etc.). Depict the spacccraf[ and ground system functional fi~ilurc modes for those
phases. Guidelines for performing Fault Tree Analysis (FTA) arc provided in JPL 11-5703 (Ref.
1). ‘l’he SFI’ is supported by the subsystem level FMECAS.

2.1 Rat ionale

‘J’hc SF]’ approach provides a systematic, logic based, graphical approach to analym and
document the major failure modes that can lead to loss of the mission. The S~ displays the
logical relationship between the system level failure lnodcs  and the lower level events that lead to
these failure modes. This representation provides the development team, from the manager to the
working level cngimwr,  with a view of significant threats to the mission. It also offers the tarn
and its review board a chance to add failure modes not yet inclu(ic~i  in the model. ‘i’his  improves
the chances of including a complete set of failure modes. I“hc gui(iclincs  in JPI.  11-5703 a r e
provided to promote uniformity of analysis methods within an(i across various projects. This
approach is bcncficiai  for both the preparer anti the indcpcndcnt  rcwicwcr.

2.1.1 Relevant Failure Modes

‘1’hc S]T can bc used to represent ali possible Pdi]ure mode, but its presence or absence does not
avoid or cause any one specific faiiurc mode. The SF]’ is, however, especially useful  in
identifying interface problems between two or more hardware clcmcnts  w}lcn one clement has a
faiiurc  and another is required to perform some function to mitigate the c. ffccts of the failure. For
exampic, consider a design where there is no autonomous fault protection that deals  with a
particular faiiure.  In this case the plan is to have ground support respond to the faiiure with some
mitigating action. If the required response time is significantly shorter than the mission two-way
light time, the grounci system action would be of no use. This type of situation could, and has
been fcmnd and corrected,

2 . 2  N!Ict}locls

The SF]’ should bc developed in the early design phases, and progressively refined and updated as
the design evolves. The initiai SIT wiii gcncraiiy  represent high level  functional blocks (e.g.,
units, equipment, ctc.),but later become more definitive at lower levels as the design matures. The
first step in developing the SF]’ is to develop Functional Flow Diagrams (FFD) depicting all the
functions required to achieve the mission objective. The I YD depicts all the ways the top level
functio])  is achicvcd.  For example, if there is block or functional redundancy within the spacecraft
the altcmate  paths for providing the function are depicted. once  the FFD is completed, the SIT
can bc cievelopcd.  In the SFI’, the top level functional failure is indicated as weli as all the lower
lCVCI events that c,an lead to the top level faiiurc.  Some. faiiurc modes rccluire only one c)f several
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events to lead to the upper level failure. In this case, the lower level failure would be depicted as
inputs to an “or” gate under the upper level  failure, t bus indicating that any one of these events
would lead to the upper level Pdilure. Othcr failure modes require two or more events to lead to the
upper level failure. In this case the lower level events would be depicted as inputs to an “and” gate
under the upper failure, thus indicating that all of the events under the “and” gate arc required for
the upper level failure to occur. As js done in the FFD, block or functional redundancy 1s dcpjcted
in the SIT. in most cases, various phases of the mission require slightly different lower level
functions, so each phase may have a distinct SFI’. These can be considered as subtrccs of the
overall mission Sm. Gujclelincs for performing FTA are provided in JPL 1)-5703 (Ref. 1).

3.0 Tradeoffs

q’hc project tradeoff for dojng  the SFT is based on the actual cost of developing
versus the reduction k) expected cost (k a probabilistic sense) associated with
infliglit fidilure  occurrjng. Specifically, the actual cost includes: developing the
diagrams, the SFT models and the associated design interface support. These

the SFI’ mode]
an unidentified
functional flow
actual costs are

col~~pared  to the reduction in expected cost of an kdlight Pdilure.  The latter cost is based on several
factors includjng:  the reduction h the probability of an inflight  fai]urc associated wjth an
unidentified failure mode, the fraction of the mission lost and the monetary value of the lost
spacccraftkicncc. A second project tradeoff to consider when offsetting the cost of SIT is the
avoided cost of redesign if SIT was not done, but a serious fitilure mode was found late in the
cicvclopmcnt  cycle requiring design changes to prevent it from occurring.

3.1 ]lffcctivcncss  Versus  Fai lure  Modes

As mentioned in section 2.1.1, SFTS do not avoid any specific fidilurc mode, but do depjct and
facj]itatc an understanding of all known failure modes and interactions between elements of the
spacecraft. The SFI’ model development, if done rigorously, increases t})e chance of launching a
spacecraft with no unidentified or inadequately mitigated failure mode. It should be acknowledged
that nchher SFT nor any other form of analysis can be .guarantced to identify all possible failure
modes. However, SFTS arc vesy effective tools for systematically analyzing, documenting and
communicating information about failure mocles and their mitigation on both simple and complex
systcrlls.

3.2  Sensi t iv i t ies

SIT lncthods are straight forward, but accurately representing a spacecraft design requires a
somewhat unique combination of Systcm Engineering, Software Engineering and the failure mode
ana]ysjs  skills  of a Reliability Engineer. If personnel possessing the relevant skills arc assigned to
the task, very complex spacecraft, such as Cassini,  can be accurately represented at a cost of two to
three work years. Othcrwjse, the cost could be substantially higher and the resulting model could
bc of much less value. in summary, the most impollant  parameters arc the S1 1-1’ analyst and the
design information available to develop the model. Otllcr parameters that influence types of failure
modes detected by the SIT and the cost of performing the SI~I” arc identified in Table 1.
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fi. Electronic Parts ~trcss Analwis

S.0 Objectives

‘l%cllighcst  level objective is developing spacecraf[ which meet the reliability expectations ofa
specific program. One of the activities used to assure high reliability of electronic circuits is
clcrating of the. circuit components to reduce thcil failure rates. IJcrating  provides the circuit
components with reduced failure rate and robustness, so if unexpected conditions (e.g. increased
duty cycle, warmer than expected operating, tcrnpcraturcs,  etc.) develop, the components will not
fail prematurely. The objwtive of reducing failure rates of elcct~onic  circuit components during
space missions is achieved when the lower level objective of vahdating, via Part Stress Analysis
(}’SA), that the design meets the parts derating  criteria is met,

2.0 Typical  Rcquirerncnts

Perform electrical circuit analysis on all electronic and electromechanical hardware to validate that
stress levels  On circuit components comply with dcrating  requirements, under worst case
conditions. The electronic PSA is supported by a piece part thermal analysis. Guidelines for
performing PSA arc provided in JPI. D-5703, (Ref. 1 ).

2 .1  Rat ionale

lllcctronic circuit components arc prone to early failure when overstressed, (i.e., excessive power
clissipation,  high current, over voltage, high junction temperatures, etc.). Conversely, reduced
failure rates can bc achieved by reducing circuit component stress levels by design practices that
reduce stress levels. Reducing circuit component stress levels has becm-nc  well developed and is
called “Dcrating”, Electronic PSA verifies compliance with the dcrating  requirements. The
guidc]incs  in JPL D-5703  are provided to promote uniformity of analysis methods used by various
hardware suppliers, within and across various projects.

2.1.1 Relevant Failure Modes

Typical relevant failure modes are:

1. Design, Parts, Parts Stress/Selection/Weai outiAging.
2. IXxign, Life, Deterioration/Randon~ l~ailurc.

Note: Not included in this rniniproduct  arc unacceptab]c  functional failures due to component
dcgmdation with age and stress levels. These functional failures are addressed in the circuit Worst
Case Analysis (WCA).

2.112  Supporting Data

As indicated in Section 3.1, PSA is virtually the only gate that validates that components in the
electrical/electronic circuit comply with their dcrating  rcquircmcnts,  This is manifested by the lack
of JP1. ground testing PFRs that are related to overstrcsscd components. In addition, there, arc 110

known inflight  failure on JPL programs that were linked to component overstress. Only a few)
ground testing problems have been linked to errors in the derating  validation as indica[cd in the
Tab]c 1,

?)2
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Table 1. OVER S“I’RRSS RELATE~PIXs  of JP1 .’s MISSIONS

l;ailure  nmk
Ovw-vOlta~c to transistor
Ovcrstrcss of Opto-isolators
Over current through relay contacts

2.2 Methods

1 ilcctronic  PSA uses electrical circuit analysis to verify that the circuits’ components comply with
the dcrating  requirements of Mil-Std-975, Appendix A, under all expected operating conditions,
inchlding  short term transients associated with on/off switching, mode changes, etc. 1[1 most
cases, the PSA (and the circuit Worst Case Analysis) require a supporting piece part thermal
analysis. To simplify the analysis and provide a conservative design, the PSA is done using worse
case assumptions. These assumptions include: 1) initial component variations, 2) environmental
c.xtremcs plus margins, especially ambient temperatures, the thermal rise to the component and
component interns] thermal rise, ~) k]put variations p]LIs margins, inc]uding  Vo]tagcs, current.s,
frecluency,  and duty cycle,  and 4) outputs, including variations in load impedance. Guidelines for
performing I’SA are documented in JPL 1)-5703. It should be noted that PSA does not address
protecting circuit components from the transient effects of lilcctrostatic  Discharge (ESD).

3.0 Tradeoffs

Since most stress related early failures are not dctcctablc  in the normal ground testing program, the
PSA tradeoff evaluation considers the cost of performing the analysis versus a reduction in
cxpcctcd  cost (in a probabilistic sense) of a prcmat ure failure during the mission by avoiding
ovcrstrcsscd circuit component parts. Specifically, the actual cost of providing the PSA is
compared to the change in expected cost of an premature inflight  fi~ilure.  The latter is based on the
change in the probability of premature infli~ht failure, the fraction of the mission lost and the
monetary value of the lost spacecraft science. Another issue to consider w})cn offsetting the cost of
the PSA is the avoided cost of redesign that might be required if ovcrstresscc] circuit components
arc discovered late in the development cycle,

3.1 Effcctivcness  versus ]~ai]ure M o d e s

PSA is ve~y  effective in avoiding over-stress in electronic circuit components and the associated
premature failures durir~g  the mission. In fact, the PSA is virtually the on]y gate that validates the
designer’s nominal circuit design complies with the derating  requirement during adverse
conditions. Stated another way, there arc no other activities, iricluding  tests which valiciate  that
circuit components meet their  derating  requirements. Consecluent]y  there is no way of verifying
that the circuits components will survive for the duration of the mission. Accelerated testing at
elevated temperatures could be used to identify the “weak link” in the circuit components, but this
approitch  does not directly reveal information about the other circuit components, so it has not been
used extensively.

3.2  Sensi t iv i t ies

The sensitivity of premature mission failures to “doing/not doing” PSA is potentially significant,
unless the original circuit design includes the validation that circuit components meet their dcrating
rcquircmcnts under equivalent PSA conditions. “1’here is a monetary cost associated with
cxpancling  the basic circuit analysis to include the dc[:iting validation, but that cost should be less
than a separate PSA performed by a different analyst, ~’able 11 identifies PSA parameters and their
influence on failure modes detection and the cost of performing PSA.
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7. IJnit L e v e l  Tcmwraturc Design Rctjuirement

1.0 Objectives

Design requirements are used to ensure that the hardware is designed, built, and tested to be
compatible with thespacecraf[,  as well as with other hardware. Temperature design requirements
arc used to ensure that the assembly (unit) will operate as intended over the range of mission
environments seen during its life, including assembly, test, and launch operations.

Design requirements usually include margin beyond the intended use environment. These margins
are used to account for any differences between the ground activities and the mission environment.
‘Ilcy  are also intended to provide a buffer for variations in the intended application, inherent
uncertainties in the predicted mission temperatures, and to provide for testability at higher levels of
integration.

The temperature design requirements need to be compatible with the thermal test requirements,
since the thermal tests are a critical part of the overall reliability demonstration for an assembly
(unit). A typical set of ternpcraturc  design requirements has the widest  temperature ranges at the
assembly (unit) level, with gradually narrowing range for the subsystem, and finally systcm levels.
This ensures that the assemblies are robust enough for their application, and that their capabilities
are well outside what they will be subjcctccl  to cm the spacecraft. ~’his not only increases
confidence in the reliability of the assembly (unit), but it also results in available flexibility in
mission operations if the available margin is known.

2.0 ‘J’ypical  Requirements

The typical temperature design requirements consist of the following components: 1 ) operating
tcmpcraturc  range;  2) non-operating tempcmture  range; and sometimes: 3) survival temperature
range;  and 4) in-spcc  operation temperature range.

These parameters address the needs and uniqueness of each assembly (unit) and mission, ‘1’hc
temperature design requirtx-ncnts must be coordinated with the thermal test rcc]uiremcnts  for the
assembly. ‘1’hc design requirements must, at minimum, encompass the expected test temperatures
(which, in turn, encompass all the temperatures seen throughout the life of an assembly).

Opcrating Temperature Range
~’hc operating temperature range is the range over which the assembly (unit) must operate and nmct
the applicable functional requirements. ‘1’his range is typically -20 to 75 “C or greater, and
provides compatibility with the thermal test requirements for the assembly (unit), and minimizes
problems when testing at higher levels of asscmb]y.

Non.. o~ratinP Temperature Ram
The non-operating range is often the same as the operating temperature range above. However, it
can bc used to detlne,  ‘survival extremes’ (see below). If the operating temperature range
encompasses all operating and non-operating scenarios for the assembly (unit), the non-op range is
not used. lf the assemb] y (unit) is expected to be powered off for some conditions, then a non-
operating range can be defined which is wider than the operating temperature range, The assembly
is designed to turn on safely at the extremes of the non-operating temperature range, and return to
in-spcc.  functional performance as the temperatures return to the operating range. This allows for
S/C safing modes, loss of atlitude control, and other modes in which the assembly (unit) is not
rcqui rcd to operate within  specified functional requirements. This requirement is mission specific.
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Survi.val  Temwrature  Ranzc
A survival temperature range is occasional] y speciflcd. This is usua]iy defined as an extreme
tcmpcraturc that the assembly (unit) can bc exposed to, yet turn on and operate without degradation
after returning to a more benign state. Survival temperature requirements mostly affect the rupture,
or hysteresis failure modes, encompassing mechanic], packaging, and tolerances within an
assembly (unit). Fluid filled devices, or other devices relying on sealing I~~LISt  retain their integrity
in such a condition, Survival temperature requirements arc mission specific.

in-s!]ccification operating Temmraturc  Range
In designing assemblies for space USC, certain technologies exhibit temperature dependence that
make it prohibitive to expect compliance with all functional specifications over a wide temperature
range. I’ypical  of these are RF systems, optics, and soJne mechanisms. In order to accommodate
this, these types of assemblies are usually devoted special resources in the system design to
maintain them within a tighter temperature range than other subsystems. Correspondingly, the
temperature design requirements can specify a narrower range in which in-specification operation
is required. The performance is allowed to degrade outside this narrower range. This performance
degradation, however, is expected to be predictable and repeatable, returning to a stable, in-spcc
functional state as the temperature returns to the specified range. This requirement is usually an
addendum to the operating temperature requirement, and it varies on a case by case basis.
1 lowcver, typical in-spcc  temperature ratlgcs have been 5 to 55 ‘C for some recent projects.

2.1 R a t i o n a l e

Tcmpmature affects most mechanical and electrical designs duc to material property dcpcndencics
on tcrnpcrature,  temperature induced tolerance changes, and temperature effects on electronic
dcvicc  parameters. These effects must bc accounted for in the design  of structures, mechanisms,
ant] circuits in order for the design to function as intended when exposed to the various temperature
regimes seen throughout the life of an assembly (unit).

2.1.1 Relevant Failure Modes

Some temperature induced effects on assemblies arc listed by type:

~Structurcs  (both  macro  and micro):
1,

2.

7. .

Subject to internal stresses due to temperature and CTE (coefficient of thermal expansion)
mismatches - these can result in either rupture, unwanted clcformation, or early fatigue failure,
Tllcsc stresses can bc residual duc to processing history, or can be induced by the operating
environment.
Lc)w cycle fatigue can be induced by cyclic temperature variations. Primarily seen in electronic
interconnects such as vias and solder joints.
lntcrfacial stresses can result in crackins  and fi~ilurc  of bonded ioints.  or in craclcinr  or
delamination of the materials on either ~idc of a bonded joint. “ ‘

c,

]~]e~troni~s:——
“1.

2.

?. .

Functional failures can be experienced due to electronic component parameter variations which
arc temperature dependent. ~xamples  arc: transistor gain, diode fo~ward current, CMOS
switching speed (and hence power dissipation) variations, timing margins, and voltage
thresholds, among others.
Start-up transient conditions such as excessive inrush current can be caused by temperature
effects on the components.
Dcvicc fiailurc  mechanisms such as electromigration  and time dependent dielectric breakdown,,
among others are accelerated to varying extents by temperature. For failure mechanisms with
positive activation energies (those just mentioned), extended high temperature operation will
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lead to early clevicc  failure. Conversely, for fttilure mechanisms with negative activation
cncrgics,  such as hot carrier injection, cold temperatures will accelerate the failure mechanism,

4, Extreme temperature conditions can also combine with electrical parameters to result in part
ovcrstrcss.

Mechanisms:—.——
1. Tolerance variations due to CI’E effects.
2. Variation in motor torque output and current draw.
3. ]duid viscosity and density changes that can lead to leakage, deformation, or undesired

operational characteristics.

optics
Optical systems are typically sensitive to temperature variations. Performance of reflective optics  is
dcpcndcnt  on the distance between and alignment of optically reflective surfaces. I>imcnsiona]
changes will affect the focal point of the system. Refractive optics have additional sensitivities due
to the variation of the index of refraction with ternpcmture. Low CTE materials are used to
minimize dimensional changes, and lens and mirror mounts must accommodate dimensional
changes without inducing ]arge stresses in the optical clcmcnts. Residual stresses in the matcrifils
due. to machining can aggravate the temperature sensitivity of optical structures. Optical coatings
and filters arc usually sensitive to temperature, indicated be either performance changes, or
accclcra[cd degradation.

Sy n crgi~.nl
Since so many electronic and optical parameters arc affcctcd by temperature, cierating  guidelines
have been dcvclopcd  by the industry to enhance the life and reliability of electronic parts uncier
various applications. When establishing design temperatures for electronic assemblies, it is
impc)rlant  to work closely with the environmental compatibility, reliability, and parls experts to
establish a coherent policy for the project which performs the tradeoffs necessary to arrive at an
optilnal  set of cksign  and tcsl requirements. The same. holds true for other types of assemb]ics.
An apparently more restrictive requirement on one assembly (unit) may result in a much more
relaxed requirement on a system. The subsystem and systcm  must be considered when deciding
on the assembly (unit) requirements, in order to avoi(i  decisions which will resull in unnecessary
constraints on other assemblies, or higher lCVCIS of integration.

2.1.2 Supporting Data

OnC  measure of the effectiveness of designs to accommodate the necessary tcmpcraturc ranges is to
examine the number of design related problems found in the test program. Although design
problems arc not indicators of the effectiveness of the requirement, they do point to the need for a
designer to be aware of and adequately address the temperature effects on a given assembly (unit).

The P/FR database was searched to find P/FRs generated during thermal tests, and among these, to
isolate design related P/FRs. The projects searched included Galileo, Mars Observer, Topcx,
MGS, NSCAT,  SeaWinds, Cassini, MISR, and Mars Pathfinder.

The search priorities were: for the environment, temperature; and for the cause, design. Out of
775 total P/FRs for these projects, 130 (1796) of thcm satisfied the search criteria of originating
during various temperature environments, and the cause attributed to design issues. Table 1,
below shows the 130 P/FRs broken down by type of design problem.
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‘rablt!  1 - Distribution of Design Related I’/lUts by Cause

E-
—.

Cause of Failure Number of occurrences Percentage of ‘J’otal
Dekign (unspecified) 44 34
r. “ ‘.ional Application 27 21

~OinO/MOllntinu 7 5.s 1F
lwnc~
}’acFab...o . . . ..- . . . . ..o 1 1
Pr&illcitlilitv 2 4 Ii -i. . . . . . ..- . . . . . . .

1 ,— .
T> . . ..l-/!Nl... -.!..l - l#:n,.  -..  n4:A4:A.. 91 I 1< --i

1-l-dllS!  lVIHI{~I  IHIS lVll\d  IJIJll  L; fill  LJ1l I &l I lU I
.—

1.-1 ---

1[ is clear that a design requirement alone does not result in a good design, however, the
requirement creates the awareness that temperature issues need to be accounted for in the design. It
can bc seen from the table above, that no one particular design problem dominates the types of
failures observed. It is interesting to note that these design problems range from packaging and
materials issues to specifications issues.

A close scrutiny of the P/FRs found that of the 130 initially flagged, 36 were not attributable to
tcmpcmturc effects, reducing the total related to dcsig,n problems found during temperature testitlg
to 94 out of 775, or 12%. The distribution of failures by design type remains approximately the
same,.

3 . 0  ‘J’radeoffs

The temperature design requirement is necessarily tied to the temperature
dcsicn must. at minimum. accommodate the qualification tcnmcmturcs.

test requirement.
Given this, it is

The
more

app~~priatc  tb make the tradeoffs on the test rchuiremcnts. Th& assembly (unit) (em~icrature test
r~@ir:enlent  write-up will address the tradeoffs that can be made in that area.

One trade-off that can be made is in the system design. The project and the system architects
should carefully consider the tradeoffs between system level and assembly (unit) level
rcquircmcnts,  Often the decision is made to restrict the operating temperature range of the
assemblies in order to realize cost savings in procuring the assemblies. In considering such a
decision, the project should be sure that the restricted temperature range would result in real cost
savin~ys at the assembly (unit) level. The project should also evaluate the. resulting impact on the
system level design due to increased constraints on the system level thermal control, which can
result in increased mass, heater power requirements, and constrained equipment layout.

3.1 Sens i t i v i t i e s

in establishing temperature design requirements for assemblies, the parameters that can bc varied
arc: temperature, in-spcc operating range, and survival (or non-opcmting range). ~’able 2, below,
attempts to show the impact of changes in these parameters to: 1 ) the effectiveness in mitigating
the failure mcc}lanisms discussed above; and 2) the cost of the assembly (unit).

I

I
I
I
I
1
I
I
I
I
I
I
I
I
I
I
I

—



Table  2 - Control Parameter Sensitivity and Cost Sensitivity.
——

(-:0111101
Parameters

.—
‘1’cmJwrature
12VCIS (1). —
in-Spcc Range
(iqec)
~urvival Range
(Surv). —

——.
.—.

--F-l+FStructural/packaging

~

Electrical performance
/paranlcter  varlatlon
Optical performance

~ ‘~Time dependent
fmlures (Arrhenlus)

Cost Sensitivity to Control
Parameter

I
Temperature +/0 -i

Notes: 1 ) Not a cost driver over typical temperature ranges (-20/+70 “C). RF ancl optics
assemblies may have cost it~~pact  due to strong te;npcraturc  sensitivity of their”
performance.
2) Survival temperature is not a driver, unless the range is wide enough to cause
permanent change  in the optics structure.
3) Not a cost driver unless effect mentioned in (2) is an issue.

‘1’cmpcra(urc  design requirements, while not guarantee.ing a quality design, do define many issues
to bc tiddrcsscd  during the design process. Tolerances, material compatibility, electrical parameter
variations, ancl functional requirements all need to be considered when designing to c)pcratc  in a
given environment, It is also important to note that the, tcmpcraturc  design requirements neccl  to be
closely tiecl to the test requirements, as well as the part stress analysis, derating, and worst case
analysis requirements in order to assure consistent application of environmental requirements.
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8.  lJnit I.cvcl I’hcrmal Test  Reguircmcnt

1.0 Objcctives

~’l~cf)bjective  ofllnit  ]eve]thcrllla]  testing istodemonstrate  the flight worthiness of thchardwarc.
. This is done by simulating the relevant synergistic environmental and operational conditions

through selection of appropriate combinations of environmental, electrical and mechanical
parameters. To bc effective. ~aramctcrs  should bc selected that validate the desire, demonstrate its
~~”bustness,  screen for wor~tnanship defects, and demonstrate an acceptable ~&cl  of rcliabili(.y.
Thermal tests arc designed to be non-(instructive and arc performed under either  vacuum or
atmospheric pressure conditions. I
2.0 ‘1’ypicrr]  Requirements

I

The typical unit level test requirement consists of the following parameters: test pressure, operating
temperature range, non-operating temperature range, dwell times, temperature transition rates,
number of temperature cycles, and functional testing, 1

q’hcsc  parameters are chosen to best achieve the test objectives for a given unit and mission. The
test parameters are necessarily synergistic with the temperature design parameters for the unit, and
must encompass all the temperature regimes experienced throughout the life of the unit. These I
parameters will bc discussed in r!~ore  detail in section 2,1, outlining the effect of these parameters
on the failure mechanisms involved and on the cffcctivcness of the test.

I
-A.~~~ical  unit thermal test requircmcnti
1 Iot/C~old  Temperature Level (operating): -20/+75  “C
llotlCold  Duration: 144/48 hrs I
Number of Cycles: 1
Prmsllre: <105 Torr
Rate of Change of Temperature: 30 OC/hr
liunctional  q’esting: to demonstrate in-spec  operation over a tcmp range

This example is typical of traditional test requirements for assemblies used in long life planetary
exploration missions. These rcquircmcnts are tail~rcd as mission requirements and program needs
c}]ange.

2.1 R a t i o n a l e

A well designed and implemented therms] vacuum test can expose most of the relevant failure
modes. Published data shows that thermal vacuum testing is the most effeetivc environmental test I
for space hardware. ~’he following is a discussion of the rationale for the significant variables that
affect the effectiveness of a thermal vacuum test.

IFunctional Testing: Functional tests are necessary to verify the performance of the hardware
during environmental testing. Electrical stresses are combined with environmental stresses to
effcc(i VC1 y app] y screening stresses to the hardware unc]er test. Because of the s ynergisrn bet wccn
the clcctrica]  and thermally induced stresses, the effectiveness of an environmental test can be I
significantly influenced by the selection and performance of various functional tests during the
environmental test. Functional tests should be designed to allow verification of unit level
functional requirements, including in-specification operation of all modes over the full operational I
temperature range, stability, calibration, and demonstration of cold- and hot-start capability. In
many cases, out of specification operation at or near the extremes of the temperature range is

I
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accc.ptab]c  as long as the performance comes back in specification within the required range, and
no permanent degradation occurs.

Test Pressure: The pressure during test results in both thermal effects as well as purely pressure
dcpcndcnt  phenomena. The effects associated purely with pressure include corona and
multipacting,  These are most often associated with RF or high voltage circuits and devices,
]ntrocluction  of a gas to the test environment (even fractions of an atmosphere) introduces
additional heat transfer via convection, which alters the tcmpemturc  distribution within the unit.
‘1 ‘hcrcfore,  the vacuum (< 10-S Torr) environment is most representative of flight for unit thermal
tests. However, testing in a dry 1 atmosphere environment is acceptable if it has been shown that
the hardware is not subject to corona and multipactin.g,  and the internal temperature levels have
been calculated and can be. achieved by adjusting the test temperatures.

Temperature I.evel: For most failure mechanisms associated with space flight clcctro-
nmc}~anical  hardware, the hot temperature level is one of the key parameters impacting tllc
cffcci ivcncss  of the thermal test. In general, the higher the level  the more perceptive the test
(Refcrencc  3), Cold exposures arc effective in precipitating many latent failure modes, and
complement high tcmpcraturc  exposures. ‘1’hese ICVCIS have typically been the greater of -20/+75
“C, or 25 ‘C beyond the worst case predictions, These levels assure robust screening of the
hardware, in addition to providing adequate margins to accounl for environmental and modeling
unccrlaintics.

Iluration: The reliability of an electronic unit in flight is directly related to the number of
operating hours cxpcricnccd  prior to flight. Additionally, since increased temperature accelerates
many failure mechanisms, the time spent opc.rating  at elevated test temperatures is equivalent to a
greater time spent operating at lower temperatures. The test dwell time can be traded off for
increased opcrat ing t imc in other environments. 1 lowevcr, since realistic acceleration fiactors  must
bc used, this tradeoff should only be done after consulting with the project reliability engineer.
Non-operating dwell times arc not necessary unless the hardware is subjcctcc]  to a hysteresis-type
of mechanism.

Rate of Change in temperature (dT/dt):  At high rates of change in temperature, large
stresses can build up across material interfaces due to differential thermal expansion which can be
significant enough to cause a failure of the material. Inhere is concern that a excessive rate of
chansc  in temperature could cause possible failures’ which would not have occurred in flight. ~’hc
current approach is to spccify a rate of temper-at urc change which is t icd to the maximum mte
expected in flight, The rationale for this is that any savings associated wit})  a higher rate would be
insignificant ant] this would subject the hardware to levels that could be in excess of any previous
qualification rates. The allowed rate of change in tcmpcraturc  is dependent on the design and
previous qualification of the hardware. Typical electronic packaging designs used for space
appl i cat ions should bc capable of supporting rates in the range of 10°C/n~inute.

Temperature Stabilization: Thermal stabilization is important when the hardware under test
has an extremely long thermal time constant (time to reach thermal equilibrium), uses localized
internal tempcrat ure control, or where hysteresis phcnorncnon  is involved.

Number of ‘l%ermal  Cycles: Performing a single thermal cycle is effective for precipitating a
broad spectrum of latent defects. These range from workmanship defects (poor interconnect
integrity, missing parts, wrong part value, etc.) to electrical, optical and mechanical design defects.
Performing multiple thermal cycles is effective in testing for hysteresis effects and life testing (such
as qualifying the capabilities of a technology). Since. life testing is not intended to be part of a test
on flight hardware, the number of cycles should be the minimum number necessary to verify
stability and/or repeatability in performance.
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Heat Sinking Method: Heat sinking the unit under test in the same manner as in flight aides in
the detection of any deficiencies in the thermal coupling of the unit to the next level of integration.

2.1.1 Failure Mechanisms & Tradeoffs

lbr the purpose of this discussion, all failure mechanisms arc grouped into one of three generiil
classifications. They are: 1) chcn~ical/diffusion  mechanisms (Arrhenius reaction rates); 2)
hysteresis; and 3) stress rupture. A high-level summary of each of these classifications is
presented below. Each discussion is followed by a list of the test parameters that influence that
failure mode.

Chmnical/Diffusion  Reactions
The fabrication of electronic parts, circuit boards and circuit-board assemblies involves complex
chemical reactions. Failures as a result of residual reactants, incomplete reactions or
diffusionhnigration  processes would bc classified as being Arrhcnius in nature. This failure mode
is most of[en associated with electronic parts (Reference 1). Moreover, Reference 1 also indicates
that this mechanism can bc the leading source of failures for a significant number of other hardware
elements,

Relevant test parameters (listed in estimated order of overall significance) arc:
Electrical loads, 1 lot Levels (including pressure level effects), I lot Dwell Time, Cold
Dwc1l Time, Ramp Rate.

IIvstcrcsis

XVC]S, Cold

Tl~c forms of hysteresis most often of concern in eleetm-rncchanical  hardware used in space flight
arc: fatigue (both hig}~ and low cycle) and parametric drift. 1.OW cycle fatigue and parametric drif(
arc a function of dwell time and number of cycles.

1 lifl~  (.;yclc Fdt iguc: high cycle fatigue failures arc best exposed by vibration testing and therefore
not discussed herein.

1,OW C!yclc  Fatigue:  The life-limiting failure mechanism of typical packaging designs is low cycle
fatigue of elcctro/structural  interconnects, This dqmagc  mechanism largely results from a global
mismatch of the CTE between: (1) part body and “the board it is mounted on, (2) the board and the
board 1 lousing.  Local CTE mismatches (bctwccn  solder material and metal pad on the board) also
contribute to the problem. Similar problems occur in materials with the same CTE’S  but where
large tllcrmal gradients exist within the solder joint/lead system.

~’he material properties which govern the life of solder interconnects are very non-linear (Reference
3). As a result, cyclic exposures which involve higher peak thermal exposures are significantly
more effective than cyclic exposures of the same total depth but which involve a lower hot peak
tcmpcraturc. Moreover, below O°C, cutcctic  tinlleacl  solder becomes significantly stronger, and
thereby, most likely changes the failure mode for the interconnect from a low cycle fatigue failure
of the solder material to a brittle failure of either  the solder material or the part package.

Pararnctric  Drift: Another form of hysteresis is parametric drift. It can be due to Arrhenius type
reactions or residual stress effects. Thermal cycling generally ren~oves/stabilizes these stresses.

Relevant thermal test parameters (listed in estimated order of overall significance) are:
Hot level, total depth of thermal cycle, cold level, hot dwell time, electrical loads, ramp rate,
Prcssum  level.
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stress Rupture
StrcssrllptLlrc  fail~lrc can bcintroduced  vian~echanicall  o:~dingo rtl~crIl~al displacement as arcsult
of a CIli mismatch or large thermal gradients, Excursions away from the zero stress and/or
residual stress state (associated with the formation/fabrication processes) crcatc stresses ir~ the
hardware. Most stress ruptures are suspected to occur as a result of manufacturing flaws or ncw
designs. This is a typical weak link failure mode for bondlincs and composites.

Relevant thermal test parameters (listed in estimated order of overall significance) arc:
1 lot & Cold Levels, Electrical loads,  Pressure level, Ramp Rate.

2.1.2 Supporting Data

Studies of test results indicate that the thermal vacuum test is the most flight-like environment
achicvab]c  prior to launch, and it is the most cffcctivc environmental test for revealing inherent
failure modes (Refercncc 4).

The following data is based on studies of the JPI. Problcmfiailurc  Report (P/FR) database, and
summarize test experience on rmjor  JPL flight projects.

General Ilffcctive~ess  of Thermal-X~ValtiN: Analysis  of t}lc data ShOWS that approximatc]y
2S$% to 3096 of the problems found during testing of flight assemblies on the. Voyager and Galileo
programs would not have been dctectcd cxccpt by environmental testing. Additional studies were
conducted to compare the relative effectiveness of the two major environments, vibration tests and
thermal tests. These studies found that thermal lcsting detects from 1.3 to 3 times as many
problems as dynamics testing, Scc Rcfcrencc 6 (q’()-0003)  for furlhe]<  details,

Iiffccti.vcncss of Functional Tests: Two spacccraf( (Galileo and TOI’EX/POSEIDON) and two
instt-ulncnts  (the Wide hleld  & Planetary Camera 11 (WF/PC21)  and the NASA Scattcromctcr
(NSCAT))  were studied by performing a trend analysis of the problcm/failures dctcctcd durinl;
systcnl  level thcrn~Wvacuum  testing to provide some insight on the role and cffcctivcncss of
functional testing. Table 1 summarizes the findings of this study. Of 20 PDs relevant to the study,
4096 (8) should have been detected during lower level  testing. Conversely, 35% (7) involved
“interface issues” which could only bc resolved by higher level testing. The remaining 25% (5)
were dctcctcd durinz lower level testinp but were. not cffcctivclv resolved to nrcvcnt  future

“ L,

occurlcncc. Scc Reference 7 (TO-0027) for further’ dc.tails.
. ,

Table  1. Summary of lhmctional  ‘1’wt Effectiveness observations— —— —
C1.ASSIFICATJON OF PF IIETKTIC)N I SI’AC~CRA}71’ I lNSTRUMIiN’1’S I TOTAL
————

-~

lJndctcctablc  At Lower integration Level

-— .
Pmtially  lncffcctivc Problem Resolution 3 2 5

= .OTAI$==}’otcntially lncffcctive Functional Testing
At Unit Level

43



1 lffcct.ivencss  of Vacuum: The use of vacuum conditions during thermal testing of hardware can
significantly increase the effectiveness of the thermal test as a scrccn for clctecting  harclwarc
defects. References 2 and 4 report that thcrn~al/vacuun~  testing is more effective for revealing
dcfccls  than thernlal/atn~ospheric  testing.

Rcfcrtmce 8 documents a survey made of the P/FRs written during unit lCVC1 and system level
tt lcmnal/vacuunl  (T/V) tests for the Voyager and Cial  i leo Projects (pre-1986) to cletcrmine the
necessity of a vacuum environment along with elevated temperature for uncovering P/Fs. “lables  2
and 3 summarize the unit and system level findings of this study, respectively. Note that on both
programs and both levels of testing, vacuum effects played a major role in detecting the
j>roblcmdfailurc.

Table 2. Unit-level TV Test-.—..— .
DEPENDENCY VOYAGER GALILEO

NUMBER PIlh~ENT “ NLJMBER PIiRCl;N  T-”
— .— .
Tcmpcraturc Onl y 9 ]9.6 7 19.4 ‘
— .
Temperature & Vacuum 10 21.7 17 47,2 “
—
“Pure” Vacuum 21 477 8 2 2 . 2
-—
lncictcrminatc 4 8.7 3

— .
8.3

— .
O[hcr (functional only, etc.) 2 4.3 1 2.8
-— .

TOTA 1,S 4 6 100 36 1 0 0
—.— . —

‘l’able 3. ,Systern-1.cvcl  ‘J’V ‘J’est
DEPENDENCY VOYAG1 ii-? GALILEO

I

t
NUMBER, }’IiRCl~N’J’ NUM13ER PERCEN1’

I 1 1 1

I’empcrat urc onl y I o I o I 4 I 10.3
I 1 I I

Temperature & Vacuum 6 13 5 12.8
I 1 1 1

“Pure” Vacuum 29 63 I 14 I 35.9
I I

lndctcrminate 2 43 R ‘]
1 1 , t

Other (functional only, etc.) 9 19.6 I 14 35.9
1 1 ,

TOTAI.S 4 6 100 39 I 100

Hot Level and Dwell Peri(~:  Exposure to high temperature testing has been found to be effective
in rcvealirw  dcsim and workmanship defects. Precipitation of latent defects associated with all
three typc~of  fa~lure mechanisms di;cusscd  in secti~n  2.1.1 is accelerated by exposures to hot
lCVCIS (Rcferencc 3). Although time itself is not an acceleration mechanism, it increases the
probability y of detecting a latent defect during the test. ‘1’able 4 summarizes several examples of PFs
that were temperature level and or time dependent. ‘1’hcse findings arc from a study performed to
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invest i Late and document s~cific  exanmles  of PFs which were dmendcnt  on high tcnmerature
cxposk and/or time at hi~h tcrnpcmtur;. (See Reference 9 for fulkx details.) “’ ‘

Table  4 - Causes and Mechanisms of Thermal Vacuum IIot Test Failures for
Galileo

m
4399(

424N

4249:

——
4249L

——
4249:

——
4328?

.—
13588

T43R?

.———

Failure DcscriptioT

T/V test data outpu~
became intermittent,

Memory errors  —

found while
debugging (ref PliR
42492).
Excess  current  —

detccled  in memory
array(ref  PFR
42492),
control Pdilure foul~
in trouble shooting
(ref PFR 42493).
Missing interrupt —

and no response to
iso-valve (rcf PFR
42492).
M e m o r y  a r r a y  —

supply voltage out
of Spcc.

Memory array rcacl—
z,cro after PWR
rcappl y.
Memory address —

failures on the
AACS.

Failure Mechanism

‘1’hrcc pins were not
soldered to circuit
traces.

Breakdown in gate
oxide of one of the
memory transistors.

Breakdown in gate
oxide of one of the
memory transistors.

Breakdown in gate
oxide of one of the
memorv transistors.
Brcakclown  in gate
oxide of onc of the
memory transistors.

Short between 10 V
& Gnd layer at the
positive terminal.

Short between 10 V
& Gnd layer at the
positive terminal.
Solder bridge found
was causing
contention.

—.
I:ailurc  Physics I Time

(hr)
1 lot tcnmerature  caused I 10
expansi~n  leading to the
discovery of un-soldered

ins.

‘T

h40st probably a }ND 83
latent defect.

h40st probably a 1S1)
latent defect.

h40st probabl  y a IXD
latent defect.

h40st probably a Ml)
latent defect.

~ailurc to correct for
laminate shrinkage when
terminal holes were drilled
causing breakdown of
epoxy insulating material
under voltage and
thermally induced
mcchan(cal  stress.
Same as 43283  above.

186

143

145

155

32

Expansion of board and/or 102
conformal  coat due to CTE
effects, shiftecl  entrapped
solder particle such that the
short occurred,—

Tcmp
(“c)
55

75

74

75

75

75

75

55

cold  Level and Dwell Period: A study of PFR data indicates cold exposure is effective in
uncovering design and workmanship PFs-in piece pans, electronic circuits and mechanisms,

Tab]c 5 indicates several very significant part problems which were first detected at the unit level.
The cold piece part problems documented were arguably the most significant problem to occur on
the Gali]co Project. Scc Reference 10 for furt}~cr  details,

45



Table  s - Causes and Mechanisms of Thermal Vacuum Cold Test Failures for
( lileo— _

‘ROIC Of LOW  Tcrnp.F a i l u r e I Failrrrc  hlo~
ROIC Of Tes[  Tim

7IXLW_riptio

I,GA-2 Actuator ra~
achralor rar to  slow.
10 slow P

proportional to

Increased viscosity=
grease to point v.here
actua(or was to SJOW

——
None 62.4 -6

temperature
IIot  I;lcctronsACI{ Gate oxide -

MI; MA)MA Breakdown
Memory
failrrrc

Star scannc Ga[c oxide -

MI<h4/DMA Breakdown
hacl address

Crrrrcnt  stress is invcrsel
proportional to
ternpc[alurc.  As the
current stress incrcascs
[hc rate of gate oxide
breakdown increases.

I;ailurc ralc is [in]
al cold tcmperatuf
dependent.
I’hcrcfore,  cold
dwell appropriate
for screening
these failure
modes.
F’ailure  ra[c is tin]
at cold tcmperatul
dcpcodcnt.
therefore, cold
fiwCll  appropriate
for scrccning
[hcsc failure

( Note activation
energy for this
phcnorncnon  is
negative. )

}Iot Electrons
—.— —.
Urrren[  stress is invcrscl:
Woporliona]  to
cmpcrature.  As the
:urrcnl slress  incrcascs

hc rate of gate oxide
)rcakdotvn  incrcascs.

( Note activation
energy for this
phenomenon is
negative. )

failures

7
S t a r  scannc  17ailurc  of -

)UtpuI wor signal lead
:oun[  error

NIMS C)A LW  -

,pcctral sensitivity
ncasurcmc  bC]OW

shift Specification

modes,

Vonc suspected.Unknown, but suspcf
thermally kduccd
slrain.

I.VDT circuit
sensitivity is a
function of its natura,
‘rcqucncy  which in
urn is a function of

— —.
Jnknown,  but SUSPCCI

hcrmal strain associated
vith cold level

=’ circuit scnsiti~
i proportional to
:Mpcraturc.

~ot known, but
Issumcd to bc
tone time
Icpcndcnt

Cmpcraturc
lubrication scrubbed

1

krnshadc I Excessive -

=associatcd  with=
Iilure that occurred,

Jonc

-L-
;ovcr fai Ic cover preloa
I dcp]oy + Irrbricatior
ftcr pyre. failure
ri n
cad 1~ dcsi~n

)ff during vib tc,st,
esulting in failure in
hcrmal/vac

Transistor turn-on time is~ow dccodcr  transisto Ionc. }Iowcvcr,

‘his pattern
?nsitivity 1’1:
‘quires a
gnificant
Jmber of pseudo.
mdom data
Ntcrns  to bc tricc
order to bavc a
:asonab]e
obabiiity  of
:tccting an error.
cgradation  of the
intact via
CCtrO-migration
time sensitive
cold

I Disturb
Problcrn  ir
I’CC244’S

flaw & c’
“CMargc
Pumping”

reach lull turn on at
low tcrnpcratures  and
high voltages

horter al cold thereby
IIlowing charge pumpins
o take place.

.-..

1 -1-i9( Read LJnablc to
IJisturb discharge the
F’ailurc  in column line

.—
“1’hc  electrical
resistance of contact
degraded duc to
electro-mi~ratjon
While the al[crnative
currcnI  discharge path
is inversely
proportional to

—~.
,lCCtro-migration is
:celerti[cd  by the higher
.rrrcnt stresses associated
ith cold operation AND
tC leakage currcn[
Icrcases  as conductarlce
Icrcascs  with a dccrcasc
tcrnpcraturc.1

}1S6504
I>cvicc

——:~

to “O” duc to
a poor
conlact
bet wccn
mctali7,ation
& Vss tcrnpcraturc.
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Effectiveness of Time Rate-Of-Change of Temperature (dT/dt): I Historically, the rate of change
during the thcrmalkacumn  test has been tied to the maximum rate expected in flight. This
approach was taken bccausc  it has been demonstrated that some types of hardware arc sensitive to
high rates of change in tmnpcrature. A good example of this type of hardware arc solar panels.
1 Iardwarc which is subjected to high rates of change in temperature during flight typically undergo
some form of life/qualification testing to verify their flight worthiness. This type of testing tends to
bc cc)stly. The selection of a temperature ramp rate to be used during a thermal test bakmccs  the
cost savings (test time) versus the possibility of inducing unwantcct  failures by using loo severe a
ramp rate. The typical thermal test of electronic assemblies involves a single  thermal cycle and
thcrcforc any potential cost saving would bc insignificant. In light of this the typical rate specified
for tc.sting of bus electronics assemblies has been three times the maximum flight rate. In many
cases this works out to be 30°C/hr.

Relative E;ffectivcncss  Clf Thermal Cycles: Thermal cycle data collcctcd  for various electronic and
clcc(l ohncchanical  components shows a large number of failures on the first thermal cycle relative
to the second and subsequent cycles. This appears to apply universally to electronic and elcctro-
mcc}mical assemb]ics  that arc thermal cycle tested, Furlhcrmorc,  there is litt]c irnprovcmcnt
beyond the second cycle in the number of failures detected. The best fit curve (of cycles 2 and
beyond) shows that improvement is occurring, but at a slow rate. Upon analysis, the failure
distribution appears to be bi-moctal.  The failures found after the first cycle appear to belong to a
different group of failures than those seen in the first cycle, This is particularly evident when curve
fits arc made on the data. The majority of the tcll~pcratllrc-cl~al~gc  fi~ilurcs  (ones w}~ich need
exposure to a thermal cyc]c) are found in the first cyc]c, leading to the conclusion that subsequent
cycles add litllc  to further detection of these defects. I“hc failure population for cycles 2 and
beyond seems to be composed primarily of positive activation energy Arrhcnius-Reaction-Rate
type failure mechanisms. The cycling dots not add significantly to the cffcctivcness of the test for
this type of failure mechanism, (See Refcrcncc 1 J for more details.)

3.0 Tradeoffs

‘1’radcoffs can bc made with each parameter involved in t}~c thermal test: temperature levels,
duration, test pressure, number of cycles, temperature ramp rates, and electrical testing. As
discussed above, these parameters al! impact the effcctivcncss  of the test to varying, degrees. Time
in test can be traded for bench top operation, hot ICVCIS can bc traded for operating time,
atmospheric pressure can be traded for vacuum, etc. These tradeoffs are best made with a solid
understanding of test effectiveness and how it is impacted by various parameters.

3.1 ,Scnsitivitics

In establishing thermal test requirements for asscmb]ies,  the parameters that can bc varied are:
tcmpcraturc level, dwell times, pressure, electrical testing, number of cycles, and temperature ramp
rate. Table 6 attempts to show the impact of changes in these parameters to: 1 ) the effectiveness in
mitigating the failure mechanisms discussed above; and 2) the cost of the unit.
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Table 6 - Control Parameter Sensitivity

Arrhcnius  Reaction FMs llystercsis/Them~al Stress cost
FMs Sensitivity

Test Parameter Pos Ea(l) Ncg Ea(l) Low cycle Parameter
Fatigue Drift

Tcnlp.’ Hot ++ + -t- 0 (5) -

Iz.vcl cold -l-+ -t- + 0 (5) :
Dwell Hot

—
+ + -1- ++

Time Cold - ++ — + ++
Pressu”rc Vacuum ++ - -t +-

Atm. ++ (2) - /2) ?
Electrical Voltage ++ ++ +- (2) + (:) -
Test Margin

Freq. Margin ++ + +  “– + + (6) :
Power Cycles ‘/ ? + (6) -

Ra~~ate o 0 -;? +/? o

No. ()~~yc]cs o o– +  ( 3 ) + (4) +-t- (7) -

(Effccf of increasing parameter value: -t- increases effectiveness/cost, - decreases
cffcctivenc;sjcost,  O no effect)

Notes:
1 ) Ea: Activation Energy
2) Effect of the addition of a gaseous medium cold biases the temperature of the test article.

Could result in reaching cold levels  where specific failure mechanisms change.
3) Also consumes flight life.
4) }Iowcvcr, only up to the point where change stops. Also consumes flight life.
5) Temperature level is not a cost drive unless is forces exceptional design considerations.
6) Small increase in cost related to test equipment, generally not great at the unit level.
7) ]ncrcascs cost by increasing test time,
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9. Electronics Parts Destructive Phvsical  Analwis

1.0 Objectives

~“hc objective of destructive physical analysis (DPA) is to screen out parts with obvious defects and
identify latent defects that could produce part (mission) failure at some Iatcr time. Most 1.WAS are
performed on active devices, including diodes, transistors, micro circuits (integrated circuits), gate
arrays and hybrids. On occasion, for special requirements, passive devices are also subjected to
DPA.

2.0 Typical Requirements

~hc, database of the Cassini  electronic parts acquisition was used for this study, since the Parts
pl.ogran) Rcquirelllents  Document pD 699.212 ca]]ed  for loo% DPA On al] part ]ots (a tots] of 7S6)
other than capacitors and resistors. The faster, belter, cheaper missions such as the Ncw
Millennium reauire a review of what is an effective screen and what
new recprircments.

2.1 Rat iona le

could be eliminated to meet the

A series of procedures to assess the acceptability of electronic parls for space flight use has evolved
over a period of several decades. in the context of the Faster, Better, Cheaper mandate from our
customer (NASA), these procedures arc now being evaluated in terms of their effectiveness in
providing mission threatening defect detection. Each of the procedures itemized in this report
uti]izcs project time and rnoncy.  ‘l’his evaluation of their effectiveness is possible due to the
availability of an extensive database on electronic parts acquisition, resident in the F~lcctronic  Par[s
Iinginccring Office. The goal is to provide project planners/designers with pragmatic guidelines to
help dctcrminc.  what parts requirements can be modified or eliminated to save time and money and
what risk (if any), is thereby incurred.

2.1.1 Relevant l’ailure Modes

T]IC  major relevant Paih.rre  modes are listed below:

;:
?. .
4.
5
i:
7.

2.1,

Visually apparent external non conformance
Radiographic detection of foreign material in the package
Corrosive gasses inside the cavity
} lcmnetic  seal leaks
Scanning electron microscope (SEM) detected fabrication flaws
Wire bond pull force specification failure
l>ic Bond  shear force spccificat ion failure (attachment)

,2 Supporting Data

The following is a summary of the detailed data in Table.  1 of the Appendix:

1. For the Cassini  electronic parts acquisition program 786 DPAs were performed. There were a
tot al of 61 lots that failed one or more of the DPA tests which represents approximately 8%.

2. of the 61 failed lots, 32 were subjected to further analysis/tests and used as a result of MR13
approval.

3. Five lots exhibited defects which resulted in being, returned to the vendor. Ten lots were down
graded to non flight status.

#

9

9

I
I
I
I
I
I
I
I
I
I
I
I
I
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. .

“1’he usc of DPA to determine suitability of a potential part for the Cassini mission resulted ill
eliminating five part types early, thereby saving possible redesign time and cost of unusable
inventory.
As a result  of the DPA process for Cassini, approximately 3% of the lots so tested were not
used for flight.

2.2 Methods

The following test mcthocls are documented in the appropriate MIL STDS such as 883D. The
specific set of tests is dictated by the part type and the package type. For example if there is no
cavity, the hcrmeticity test is not used.

1. lixtcmal  Visual Examination (F.V)
2. Radiographic Analysis (RE)
3. Residual Gas Analysis (RGA)
4. IIcmncticity  Testing (HERM)

a) Pine I -eak
b) Gross Leak

5. lntcrnal  Visual Examination
a) Low Powe~ (LPIV)
b) }Iigh power (HPIV)

6, Scanning 131cctron  Microscope (SEM) Examination
7. Wire Bond Pull Test (WBT)
8. IJic Shear (attachment) Test (DST)

3.0 Tradeoffs

For a mission such as Cassini, the full DPA procedure was required. Current costs for a IX>A
range from $500 to $800 each. When the spacecraft at risk costs $1.2 billion, the IX>A cost is
cheap insurance against electronic part failure. For the faster, better, chcapcr  missions, there at-c
several ways the time ancl cost of performing DPAs could be tailored. The trend toward small
assemblies with fewer parts (ICS having increasing circuit function density), the use of commercial
grade parls and emerging technology along with limited project funding will bring pressure to
reduce costs and maximize probability for success. “The database cited here was the result of testing
grade 1 parts which were to mwt MIL SPllC Class S or the Source Control Drawing (SC]))
equivalent. Most of the failed DF’As were on lots where the manufacturer was required to test for
the failed pararncter. Referring to Table 1 in the Appendix, this study suggests that:

1. Hermcticity  testing was ineffective and is a candidate for elimination. The lots that failed this
test were analyzed and used, indicating the specification did not reflect the application.

2. Die attachment yields little value (2 out of 786 lots).
3, Residual Gas Analysis (RGA) failures were uniformly dctemlincd  to be usable for Cassini.

RGA is a good candidate for elimination from the. DPA procedure.
4. Wire bond testing only found 2 lots that were deemed  un flight worthy out of 786 DPAs.

These four steps, combining time and charges account for over half the cost of a typical DPA. A
new project may examine the resuhs presented here and decide whether or not a shortened
(tailored) DPA is appropriate, thereby reducing time and cost in the electronic parts acquisition
process. Part classes of lesser grade down to commercial (depending on several variables) will
probably produce significantly different statistics than those in this study. Studies on parts of lesser
grade arc in process fron~ several aspects and will result in up dated reports as the data becomes
available. It is essential for each new nlission/instrun~  ent to carefully assess the parts requirements,
balancing, schcdulc, cost and the mission parameters. Early formation of a design team consisting
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of the clesigner, par[s specialist(s) anti a prcmrcmnt  specialist will maximim clectronk  parts
acquisition.

Theuseof  lower grade or commercial off the shelf (COTS) electronic parts intuitively suggests
DPA bc required on all lots of active electronic parts, since as this study shows, even lots that have
had full up S ICVCI screening still fail DPA at a 3% rate.

‘1’hcf~stcr,bettcr,  chcapcr  missions such as theNew Millennium, requircarevicw  of what is an
effcctivc  screen and what could be changed (if anything) to meet the new requirements. Several
traditional steps in the DPA process might be eliminated for COTS. Plastic encapsulated parts will
not usc hcrmcticity,  RGA, boncl pull, or die shear testing. The study for this RTOP has shown
that these four tc.st were not very effective, even on parts with packages that have cavities.

3.1 ]~ffectivcncss  Versus Failure Modes

of all the failures noted, 3% were determined to bc. unsuitable (high risk) for flight USC. This
means that their use was judged to bc potential cause  for mission fi~ilurc.  For a mission of the
Cassini  type, the cost of retrofitting could be significant in terms of both time and money. The
lX’A Cxpcnditurc  in this case is considered incxpcnsivc  insurance. l’hc DPA findings also
idcntifkd  problems with 32 lots that were subjected to additional analysis and testing to provide
confidence that they meet the Cassini  reliability rec]uircments. The use of DPA early in the
acquisition process resulted in the rejection of five part types that had been considered as
candidates for Cassini. This step saved considerable time ancl cost by preventing design time as
WC1l as procurement of parts that ultimate] y would not have been acceptable for this mission.

3.2 Scnsitivitim

The scllsit ivit y of mission failure to each DPA test mocle is somewhat complc.x and dependent on a
nunIhcJ”  of variables. Iiach mission duration, operating environment and launch mode will
clctcrmine  the specific scnsit.ivit  ies to fiii  lure modes detected with I] I> As. The standard DPA covers
eight relevant fi~ilurc modes as shown in paragraph 2.1.1 of this document. Table 11 reflects the
results on the Cassini  project lot acceptance for use. It should bc revised as PFRs are received and
and yzed.

Table  11. Control Parameter Sensitivity and Cost Sensitivity
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5986 IIKIIKIo u 2CKI12 LPIV BONL)  WIKE SI’AC’ING  I(K) CIOSI LIAI  1 PART R[3[{CTJ:[)-JL[i$l Oi’1.0”1’OK
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22K
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4A124

3R(J25

Mm)

2A(J72
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DIE SURFACC.  WAS IRRF  CiL1l.AR  ON lW() PAR1 S (lLH  OI)F TtlkF L ALS(I ON ON[ Vorr)s

WERE MI-N IN ‘JtlE  INSULAI  ING (1X11)1. UNDER A BONI) PAI) RLDUCINCI  TIIL  TlllCKNLSS

100.7 MICRONS. lllLSL  PARTS tIAII  FIASSFX)  A 2(KKI  FRIUR 111+. lt.’l  AN[)  ‘J’Ilt MFLf!

RF.VILW  RF_, SLILTt,I)  IN UAI

.—.
ONL 01 W,’()  PARIS SIIOWLI]  OAMAGLL)  hi~”l AL, L,17.A7 ION OF 1% ’() CONI AC’I wNr)ows

lW() MOR[ PARIS F-K[)M  ‘LHL  SAh4f. 1.01 PASS[  1) [WA MRH  A(-I ION WAS TO UAI

I)NI  (K l?IE  LF.AI)S  WAS hfISSIN(i THIS LFADI()  AN EXlt  NSIVE  ANAI.YSIS  SINCLIN

ASSEMRLY  Al LORAI lW(I OIHI R LF.A1)S  IRAC[ UK[ [). 1 III.  CONCLUSI1)N WAS 1 tlAl Ttlt

FRACILIRSS WLR[  CAUSF.f)  f!)’ tlY[)k(Kit,N  F. MBRI-ll  LLMI.h’1, 1 tlt MRFI  L) LCIULI)  7tlAT

1 HA7 All TJI[  LI. ADS 1 tlAl M’(KII D FKACI  URF tlAVI.  AI RI.ADY  I)ONI  S() ULII  10 LEAD

FORMING ANu  HANIWING  N() REIRofll  WAS DONL

$LM  EXAhf FOLINU  l}JL  hlrl AI, Al ltlI  CONI AC_[  WI NIK)W WAS RLDLICLl) 1 () 352 017 HF

DRIGINAI  ITIICKNLSS,  CURFWNI IILNSI  I Y CAIC’ULA1  IONS StloWfl)  ‘L’l IF, hlF7T  AI. WAS

AI) LQUA1l>  FOR  l-HI,  APPLICA1l[)N.  h!RFF  ACV  ION WAS 10 lIAI

rrir  LF. AK It sr FAILLIR[:  W A S  A1.lKirwm)lo  A s~lRFACf  n AWRF  rwr[ srrrw stmvL[)

W) LLAKS. 7HL  BOND PUIJ  FAII.  (IR[ WAS Al 145 GRAMS [ORCL(glj  ANI) SFioLILr)  FFr.  2(KlgL

URB RI QulRrr}ltlRrl  MOR[. PARIS  10 Rr suwrc-lt  [) 10 RON[) PLI1  [ 11.ws  Ar,l, RON1)S

2ASSI.D.  MRF!  DISPL)SI  t K)NI 1> 1X)1 LIAI

3NE  wrRc  BOND cmr  I OF NINt  FAII EII wt.  F,LILt  7Lsr. n h![ AstlRt.[)  l,4Xr  ANL> stloULI)

IAVL RLF.N  I, SgIAl  A MINlhiLIM,  111[ RF. MAINING  F’IGIII  BONI]S PU1.1.FI)  Al 46 g( AS A

MINIMUM. MRFF ACIIONWASTOUAI,”

I }1[ FINt, LF.AK  WAS  IN:lk,kMINLI)  10 B[ CAUS[F)  BY SURF ACt f t Al UkLS

~cronyms:
lmg #l = JPL, FA Lab trackinfi  number
Pa~[ # = JP1, Generic part n~~n~ber
Trace # = JPL Lot tracking number
‘1’cstWroccss  Performed

WB’I’ = Wire Bond  pull Test
SEM = Scanning Electron Microscope Examination
RGA = Residual Gas Analysis of the package cavity
R13 = Radiographic Examination (X-Ray)
LPIV = 1.OW Power ]nternal  Visual Examination
1 IPIV = High Power Internal Visual Examination
Hcrm = Hermeticity Test
13VI = 13xtcrnal Visual Inspection
DST = Die Shear Test (attachment)

MRB = Material Review Board
11A]= Use As Is
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10. Quality Assurance Sitc_Survcv  Reauirmnent

1.0 o b j e c t i v e s

“1’hc  objective of a Site Survey is to verify that the manufacturer uscs standard, good
manufi~cturing,  test and handling practices, and is capable of building and delivering the product as
sj)ccificd. Ffildings  likely to si~r~ificantly  impact reliability, cost, or schcdu]e
addressed in the survey.

2.0 Typical Requirement

Althoudl  vendor certification is rcauired  by NASA IIandbook 5300.4  ( lB)

arc ~ocunjcntcd and

(111500), in general
.IPL survey  findings arc generic ind~lstry  is~ucs which could drive reliability cost or sched~llc. A
survey is gencral]y  required every two years when procuring a spacecraft, subsystem, assembly
(unit) or complex component from a vendor.

A survey consists of one 10 five persons visiting a plant from onc to five days depending on the
complexity of the manufacturing (component to spacecraft Icvels). A typical survey team consists
of 2-3 persons including Quality Assurance (QA), and a packaging, fabrication, electronics or
component spccia]ist.  A well organized survey tcarn  will meet prior to the survey to discuss the
product and identify critical processes which shou]d bc scrutinized durirlg the survey.

I ;OIIOW up audit(s) may bc required to verify that corrective actions have been properly
implemented; the.se audits arc of[cn combined with other  business at the vendor.

2.1 Rationale

Vendors who arc new to nlilitaly/space  applications cnginccring  may not have the personnel,
systems and/or equipment in place to build reliable flight har(iwarc.

Vendors W}1O have new management, have moved, or have lost key personnel sometimes “lose the
recipe” for building flight hardware. They may have made changes affecting the reliability of flight
hardware manufactured in their plant.

]mportant areas which are covered, if applicable, during a survey include:

]. Contractor’s Qua]ity System
2. QA involvement in planning and reviews
3. Illectro Static Discharge (ESD) controls
4. Alerts
5. Procurement controls
6. Subcontracted nlanufacturing/testing  Operations
7. Approval, survcil]ancc  and auditing of subcontractors
8. I;low down of requirements to subcontractc)rs
9. Non-standard parts approval and processing
10. Materials and parts qualification
11. Workmanship standards
12. Processes or tests new to the contractor
] ~. ~’recess contro]s including those for unique processes or testing
14. Configuration management
15. Non-Confornling Material Controls/Material Review Board
16. Material traceability
17. Receiving inspection
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18, Manufacturing and test documentation
19. Rcworld<epajr
20. Statistical process control
21. ]n-process and Final inspections
22. lind Item Data Package review
23. Packaging/Shipping
24. I~ocumcnt/Software  change control
25. Self-audit program
26. C1canliness/clean  room controls/environmental controls
27. Test controls
28. Stamp control
29. Metrology controls
30. Trdining

Surveys can indicate a contractor’s weakest processes or systems. I’his helps  focus JPL’s efforts
to select the contractor, and plan oversight of the contractor’s activity. For example, if a contractor
had never before performed centrifuge testing, it would be prudent to review their centrifuge
procedure in depth and require their QA to monitor or witness the test.

2 . 1 . 1  A v o i d a b l e  I)cficiencies/Failures

l.istcd arc a few of the avoidable problems which maybe identified cluring a survey:

1.

2.

?. .

4.

5. .

6.

]nadcc]uatc testing, products which do not meet the rcquircmcnts  of the contract, and/or
hardware fidilures can result when requirements are not adequately flowed down to
subcontractors. Manufacturers sometimes contract out manufacturing or testing without
sufficiently handing down customer requirements and maintaining controls over their
subcontractors.
Hardware failure and/or loss of configuration management can result when engineering
changes arc not communicated to the manufacturing floor due to inadequate document change
control.
Poor 171cctro Static Discharge control procedures can lead to functional or latent failures of
hardware. “At JPL, over a two year reporting period (’91 -’92), approximately 30% of all
electronic part failures that had failure analysis, performed were attributed to ESD” (Ref. 2).
“1’hcsc are only the failures found after assembly.
Ncw processes may introduce new failure modes. “l’his will be clcal[  with during PDR/CDI< if
one. is planned. If not, the survey combined with manufacturing process review (see Process
Review Requirement TBD) maybe able to point out potential problems.
Vendors may say and believe that their standard processes meet contract requirements while a
closer look may reveal that they do not.
Rcliabi]ity  of the hardware can be affected by processes and workmanship which tend to drift
over time without recurrent training.

. .

All of these problems, if experienced, arc likely to impact cost and schedule.

2.1.2 Supporting Data

Table 1 provides a sampling of problems detected during site surveys on JPL programs.
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‘1’able 1. .11’1. Site Surwvs - Problems Encountered
— .—
Slc— i .

Trrfrcx
Sfrrrcccraft
Solar A m y

mmmi—
(1986)
Spacecraft

—.—
NSCAI’
CrysM
[)scillrrtrrr

-—
Power Ssys
SS1]S hyblid

Crrwmi “—
Wrrvcg,rridc

Gmi——
Solid SWtc
Gsmfrtr(cr

i5’\’—
Printed
Wirirrg
Ilrrarrts
All J’rojci~
faslmcrs/
rivcixl drills
7mT@TY
locking
faslcncrs
(mim “—
Engine
Ciinlbal
Actuator

RY–
clcclronic
pa[ls  lcslirrg,

Z5R7-77T
Converters/

%%7
I)C-I)C
converter
hybrids

zzRGT—
electronic

?%%#x
TW’fA

mm7—
AA(2S

C-amT—
Pmvcr  Ssys
Relays

Survey  Issues
Contractor srrbcon(rackd a major portion of solar array
md refused to do source inspection.

Approved.  J;ollow up mrdi(s  to srrrvcy rcvcalcd  that
c6j;trtrctor handed off an cxpcrirncnt to a subcontractor
who handed it off 10 another subcomraclor with none of
the project requirements handed down.
Loss of kcy personnel/facilities nlovcd/ttlanagerl~ent
change. No operator/inspector training. Weak traveler
design. No record of burn-in circuit tests prior to testing
flight parts,
Contractor did no!  undcis(and  clement evaluation ml
upsc~ccnmg  reqummcnts, had never qrralificd a fligh[
bvbnd before. rmd had never purchased ASICS for use  in
fl;ght  hybrids.
Armrovcd. POSI award survey. Previous cxpcricncc on
NsCAT  had revealed: Contr~ctor  had rrcithcr  tools nor
expertise to mcasrrrc  sophist icrrtcd  wrrveguidc  gconletry
and stacked tolerances. Ruts  shipped to J}’L. did no[  rnce[
drawirr~ dimensions. Delays of several months and
rretditional  JPL trips to bring  equipment and instruct
contractor on i!s usc ensued.
I)isconncct  bctwccn computer assembly fac[lity  and parts
rrcqrrisition  group. Limited flow down of Paris
rcquircn\cnts/change notices/corrective actions/hlRll
decisions. Loss of key person-no dater review of parts.
ESI) controls no[ uniformly cnforccd. I.in)ited QA
involvmcnt.
(ondilionally  approved. Contractor had moved.
Equipment out of calibration, DESC ccrtitlcation  had not
been renewed since move.

NOI recommended. Contractor produces mainly
commercial grade hardware.

~ondltlonally  approved. Raw tna[cnal control M not
ilnplcn~cnted. Qrrrrlity  Manual dots not  artdmss raw,
nmtcrial  traccahilily.
Conditionally armrovcd, Problcm with traccabili[y  of raw
material to h-eat’ ;undrerhnanufactur  cr. Possible GI1)EI’
Problem Advisory rc: wrong materials used on bcarirr~s.

Conddlonally  approved. Vendor has only 6 months
expcricncc  ~’ith ~law “S” flow & QA does not actively
follow that flow for their sirrdc class “S” crr<tonrer
(custotncr  QA monitors flow;).
~ond]tlonally  approved. Vcrlflcatron of release.d test
software is lax - dancer that  current version is not in USC.
Element evahrrrtion  &rd housekeeping issues also cited.
Pos[-Award Survev.  Process controls inadecruatc.
Process logs and thbles  rcfcrenccd in proces< docutncnts
were not found on production floor. No cleanliness
monitoririg.  t’oor production practices, No cvidencc of
calibration of critical equipment. No docrrrncni  chrrnge
control for test procedure. ESI) controls are weak.
Conditionally approved. Non-responsivcrrcss ro prior JPL
corrective action (CA). Rough handling of parts

Condmonally approvc~‘u bscqucnt  wccrkncss  m uallty
crwinecrinr!  involvement, test covcragc and end-item
daia submiilal.
[iSt) controls/proccdurc  lacking. Contractor insensible to
sasily  damaged (at 30 volts) integrated circuits.

Post-award survey disclosed matcrkrl / configuration /
process controls not WCII planned nor doerrmcntcd.

Corrective Action(s) / Outcomes
J1’1,  did source inspection at subcontractor. Seven
an ays were built before onc pawed shake tesl.  T’hc
subcontractor dropfrcd  rhc flight solar array costing 6
nm. delay & tens of thousands of $s.
JP1. did source insr~cc[ion  at subcontractor. Unit
failed 5 tirncs in cnvironrnc.ntal  test duc to machined
particles fronl grinding operation, Several redesigns
irccuncd due to failrrrcs.
Disapproved but contractor was single source with
unique capabilities. Jt’1. bccamc heavily involved -
did some  of the soldering. Parts ended  up working
well,

JP1. bccarnc  heavily  involved in this procuretncnt.
Parts arc presently working well

%rvcy recommended cormrctor purctmc
appropriate equipment. Contractor purchased
measuring equipment, No significant problenls
ekpcrienccd  to date,

~OA resident hcavilv  involved parts  were
rimrk&l on wrong side ~, asscmtdcd  marked side
down duc to disconnect bctwccn assembly & parts
facilities- loss of serial number ICVCI  traceability.

Concctive actions: Vendor to cornpletc
rcccr(ifrcation. Equip mcrrt to bc calibrated.
Hoccdum  [o be rrpda(ed

~orrmrctor not used for J} ’l. flight procrmrocnts.

%cotnrncndatiom:  Inmlcnmt  raw material control.
Quality manual shrruld ‘reflect traceability
rcquircnlcnts.
GIIMW  f’roblem Advisory forwarded to contractor.

~rcqucnt  JPL QA and engineering trips at added cost.
I’arls are cumxrtly working vwll.

~tract was placed bccausc  price was low and
schcdulc  tight. Som ports failed eledrically  duc to
workmanship. Dcstructivc  Physical Analyses (DF’As
failed. Extra JPL trips duc to problems. PmIs pawed
qualification & are working.

‘~,cctivc actions  recommended: Respond to CA.
operator orientation/QA surveillance of parts  during
te~t.  Increase staffrrrr to accontrnodatc workload.
Sig,nificmrt  JPL. Q uallty J2mgmccnrrg  Irrvolvcnmrt  -
Iiolitcd  irnprovcrocnr in supplier QA role.

‘J~. negotiated stringcrrt  FXI) proccdurc. J1’1, QA
resident required to moniror 13D practices. Supplier
irnprovcd - few problems on Ma@lan and Cawini.
‘Significant JPL QA resident role. Delayed
production as nlalcnal  and process problems
srrrfrrccd.  I,,vcntrrally resotvcd - few problems on
subsectucnt  Cawini  procrrrerncnl.

. . . . . . . . . .Survey = Quality Assurance Survey number NK= lnlcsrtnal survey - not rclcasccf  NA= Survey not avatlablc
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3.0 Tradeoffs

The survey tradec)ff considers the cost of performing the survey and following up on corrective
actiom versus a reduction in expected failures, cost and schedule overruns due to poor quality
h:irdware.

Pre-Awarcl Surveys have the greatest potential for cost and schedule savings in that JPL has timely
opportunity to negotiate corrections or take an alternate approach to the procurement, Cost savings
can also bc expected when a better vendor is selected.

Pre-Award Surveys for fixed price contracts offer opportunities to contain cost within the contract
and identify hidden costs of JPL contract oversight.

4 . 0  Rcftnwnccs

1. NHE3 5300.4(1 B), “Quality Program Provisions for Aeronautical and Space System
Contractors”, NASA Handbook, April, 1969.

2. Olsen, “Electrostatic Discharge (ESD) Control Program Requirement”, April, 1996.
~. QAP 39.3 ~CV,~, “Survey of Quality Assurance Systems and Facilities Flight Systems

Contractors”, JPL Quality Assurance Procedure, July, 1992.
4. QAP 41.20, “Survey of Flight  Electronic Micrc)circuit  Parts Suppliers”, JPl, Quality Assurance

J’rocedurc.
5. QAP 41.21, “Survey of Flight Electronic Part Screening Contractors”, JPL Quality Assurmce

Procedure.
6. QAP 41.22, “Survey of Flight Microelectronic Hybrid Manufacturers”, JPL Quality Assurance

Procedure.
7. QAP 41.23, “Survey of Flight Elcctromagnctic Suppliers”, JPL Quality Assurance Proccdurc,
~. QAP 41.24, “Survey of Flight  Semiconductor ancl Discrete IC Pail Suppliers”, JPL Quality

Assurance Procedure,
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J 1. IHectrostatic  Discharpe  Control Program Rcauircmcnt

Electrostatic discharge (ESD) control requirements arc used to protect electronic parts and systems
against damage or degradation from ESD during routine handling, fabrication, testing and USC.
The objective of an ESD control requirement is to ensure that electronic systems operate as
intended during development, launch and mission operations.

2.0 Typical Requirement

Proactive rncasurcs  exist to protect ESD-sensitive (ESDS) parts and syslerns  against the
devastating effects of ESD. Several military and industry ESD control standards exist. JPI.’s ESD
control program is defined in JPL D-1348, JPL Standard for ESD Control. In summary, this
program contains requirements including:

1.
2,
7.,
4.
5. .
6.
7.
8.

Personnel ESD awareness ancl control training
Personnel grounding techniques
liSD-safe workstations and laboratories
IS1l-safe packaging
FSD control facility audits
BSD-safe handling procedures
ESI1-protective clothing
Control of relative humidity levels

2.1 R a t i o n a l e

The rationale for an ESD control program is based on the fact that F;SD can severely darnagc or
clcgradc electronic parts and systems. industry cstirnatcs  are that ESD accounts for losses over $1
bjllion jn the US each year. At J]’L, over a two year reporting period (‘91 -’92), approximate] y
30% of all electronic part failures that had failure analysis pcrformccl were attributed to ESD.

ESI>-sensitive electronic parts include discrete devices such as diodes, transistors, thin film
resistors, charge coupled devices, surface acoustic wave dcviccs, optoelectronic devices, hybrid
integrated circuits, silicon controlled rectifiers, oscillators, microwave solid stale devices, and
integrated circuits, Integrated circuits are particularly vulnerable to ESD bccausc  of the small ske of
the constituent elements and their low thermal mass and low breakdown voltage. 13SD will
continue to bc a problem affecting electronic parts. Semiconductor technological advancements are
making parts smaller, faster, more complex, and requiring less power. As a result, e]cctronic parls
arc becoming more susceptible to ESD.

By definition, ESD is the sudden transfer of electrical charge bctwccn  two objects at different
electrical charge potentials. Electrical charge, sometimes called static electricity, is a natural
phenomena that occurs from routine handling, fabrication, testing and use of electronic systems.
Onc technique to generate static charge, the triboelcctric  method, occurs when twc) dissimilar
materials contact and separate. The contact-separation process creates ejthcr an excess or
deficiency of electrons on both objects. Since c]cctrons exhibit a negative electrical charge, an
object wjth an cxccss of electrons is said to be negative] y charged. 1.ikewise,  an object with a
deficiency of electrons is said to bc positively chhrgecl.

onc example of the contact-separation charging phenomena occurs when a person wearing shoes
walks across carpet. The contact and separation between the carpet and the shoe sole causes
charge separation within both surfidccs. Opposite free. charges within the persons’ skin layer are
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attracted to the charges at the sole-skin interface. The result is a charge imbalance on the surface of
their body. If the person contacted a conductive object such as a doorknob, free charges within the
doorknob and the person would suddenly move. This sudden moverncnt  of charges is an EN’)
event .

Studies have shown that tribocharging  of the human body in the manner described above can
generate voltages in the 20,000V range. This voltage., if allowed to contact an ESD-sensitive
electronic part or system could cause devastating internal damage. Onc method that is commonly
used to reduce human body charges to safe levels is to electrical y ground the person. Personnel
grounding is routinely accomplished using a wrist strap, which allows neutralization of the body
surfi~cc charges.

Charge can also be generated inductively. Inductive charging differs from trioboelectric  charging
since charge transfer occurs without physical contact. ]nductivc  charging results when one object
is placed within the invisible electric field of an electrically charged object. The charged object
exerts a force on the object placed within its field, creating charge separation within the object. 1 f
the object were conductive and grounded while within the field, a net charge of opposite polarity
would be transferred. An example of inductive charging occurs when an electronic part is placed
near an electrically charged object such as an insulator that has been tribocharged. lntemal part
damage may be induced depending upon the strength of the electric field. Techniques have been
developed to protect ESD-sensitive (ESDS) items from electric fields. one example is the use of
enclosing liSDS parts within mctallized  barrier bags which blocks the force and charging effect of
the electric field.

If not controlled, ESD will induce damage within ESDS parts and systems. This damage may lead
to either catastrophic failures (the part doesn’t work) , parametric failures (the part works, but not
correctly), or it may remain latent (hidden) only to fail at some time in the future.

isolation and replacement of catastrophic and parametric failures is usually possible, since  they are
often revealed during product development stages. Replacement of latent failed parts may be
possible depending upon the type of product, However, replacement of a latent fi~ilcd part on the
majority of JPL products is currently impossible, since these products are spacecraft. A latent pall
failure on a launched spacecraft could lead to reduction of mission objectives or possible loss of
mission. Thus, the prime rationale for an ES]) control program requhxment is to safely protect
ESD-sensitive parts and equipment against catastrophic, parmetric  and most importantly, latent
part Pdilures.

2.1.1 F a i l u r e  M o d e s

Con~nlon  ESD-induced failure modes are listed below. These modes are indicative of internal
damage sufficient to cause either catastrophic or parametric failures. I..atcnt damage is difficult, if
not impossible to detect,

1.
2.
‘3. .
4.
5. .

;:
8.

Open cjrcuits,
Hard short circuits.
Resistive short circuits.
Leaky inputioutput current.
intermittent operation.
lJnstablc  operation.
Iiunctional  failure.
Out of spcc failure.

l~igures 1 and 2 show examples of ESD-induced damage within an integrated circuit.

9
9
1

I
I
1
1
I
I
I
I
I
I
1
I
I
I
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]~ig[lre ~. Scanning electron  micrograph (x300)” showing internal circuitry within an integrated
circuit, Arrow denotes IEX>-danlagcd  location.

]tigure 2. Scanning ~]cctron nlicrograph (x6000) showing close-up of ESD damage denoted by
arrow in Figure 1.
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2.1.2 Supporting Data

lhc J}’]. PFR database was searched for failures attributed to 13SI~. A partial list of E;SD-induced
failures are shown in ‘I’able 1.
——. —

Table 1. Partial list of ProblendFailurc  History of ESI1-relatecI  events 1-.
——.

Slc PFR # Environment— .
Voyager 39620 Ambient

— .
Galileo 44101 Ambient

—— .
Mars 1>0850 Ambient
l’alhfindcr— — .
Ulysses 3648 Arnbicnt
— .
wI’1’c 11 53937 Ambient
— — .
Cassini ])0436 Ambient— .

3.0 T r a d e o f f s

lkscription

control logic #203 current high, bad
Ic U54

CCD i m a g e  s e n s o r  g100 no
response to light

When turning sys[cnl on, the CCI>
did not deliver an image.

Phase nmltiplcxcr switch nmdulc
inoperative —
CCII failed to image  properly.

—
I:ailure  Mode

l~SIl  damaged C M O S  K –

E S D  shorl  c a u s e d  by 1;S11.  –

—
liSI>  damaged CC1)

CMOS switch shorted due to ESD~

—
1“1S1>  damage  causing short in
output gate region —

Gales of CiaAs  FE’I’s  were shorted I IjSD damage -1

‘Mc ESD control program tradeoff considers the cost of implementing the program versus the cost
of incurring ground based (catastrophic and parametric) and flight (latent) failures. Ground based
failures result in increased costs for troubleshooting, part isolation, part removal, and schedule
slips. Relating a cost to latent failures is dependent upon the amount of mission objective lost ancl
the monetary value of lost spacecraft science data.
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